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Metastasis, which is the dissemination of cancer cells from solid tumors to distant 
organs, is the main cause of cancer mortality accounting for ~90% of all cancer-related deaths. 
The mechanism by which cancer cells spread remains largely unknown due to the difficulty in 
clinically monitoring the metastatic process. An alternative to study this process is in 
vitro systems such as the spheroid gel invasion assay, which closely recapitulates the in vivo 
microenvironment of tumors. This assay consists of embedding multicellular spheroids inside 
three-dimensional (3D) extracellular matrices (ECM) such as collagen, which is a major 
component of connective tissues. In this assay, cells emanating from spheroids move through 
3D matrices allowing for mechanistic studies of the role of both cell-cell and cell-ECM 
interactions in cancer cell invasion. Currently, spheroids are embedded inside 3D matrices 
using well-plates, whereby a truly 3D environment is not always ensured and may give rise to 
inaccurate invasion analyses.  If spheroids are situated at the gel-medium interface they migrate 
on the surface as opposed to invading through the gel giving the false impression of rapid 
invasion. To improve the latter, I designed and tested a new experimental set-up using single-
glass cuvettes, which enables me to fully embed the spheroids in the middle of 3D matrices.  
To study cancer cell invasion, I embedded spheroids comprised of human 
fibrosarcoma HT1080 cells inside collagen gels and used live cell microscopy to monitor the 
invasive front of the spheroids. Analysis on the rate of this invasion suggested that cells 
invaded in a highly persistent manner. To better understand this invasion process and to obtain 
improved spatial resolution of cells in the middle of 3D matrices, I developed a method to 
accurately and consistently cryo-section spheroids-embedded collagen matrices. 
Computational analysis of cryo-sections showed that cells in the center of the spheroid were 
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rounded in morphology, whereas cells at the edge were elongated. To investigate the 
association of these morphological differences with cell motility, I tracked individual HT1080 
cells inside tumor spheroids that revealed that cells at the periphery invaded in a radial 
direction. Similar invasion profiles were observed for tumor spheroids embedded in collagen 
matrices of different densities. I further demonstrated that this invasion process requires 
myosin II-based cell contractility.  
These results suggest that the invasion profile of tumor spheroids is an orchestrated 
process that leads to a highly organized, persistent invasion pattern, fundamentally different 
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1  INTRODUCTION 
 
The greatest biological challenge of the twentieth century was unraveling how the 
genetic constitution of a cell or an organism determines its appearance and function 
(phenotype).  The human body is made out of billions of cells that form tissues and organs. 
Many cells retain the ability to grow and divide during the lifespan of a living organism; even 
after all of its organs have been formed. This retained ability to divide is what helps maintain 
healthy adult tissues. For instance, the ability of cells to grow and divide is critically important 
in wound repair and also on the replacement of cells that have suffered attrition after having 
been active for long periods of time (Biteau et al., 2011). Therefore, flexibility for cells to divide 
is advantageous to keep normal tissue function but disadvantageous since, with every cell-
division cycle, cells increase their likelihood for genetic mutations. The genome of cells is 
subjected to corruption through various mechanisms that alter the structure and the 
information content of the genome, more details about these mechanisms can be found in 
(Loeb et al., 1974).  
In some cases, genetic mutations could lead to an alteration in the cell cycle of the cells, 
which in turn causes increased division rates that are no longer controlled by normal tissue 
architecture and maintenance. These are the basis of cancer cells, when normal development 
goes awry and tissues are no longer organized and structured. Despite careful control programs 
taken by cells to prevent this behavior (Hartwell and Weinert, 1989), cancer cells are able to 
thrive by making more copies of themselves. This uncontrolled growth leads to the formation 





1.1 Types of tumors:  
Most human tumors arise from epithelial tissues which are sheets of cells that line the 
internal and external body surfaces (Lemoine, 2001). Underneath the epithelial cell layers lies 
the basement membrane that separates the epithelial cells from the supporting connective 
tissue known as the stroma. Carcinomas are human cancers derived from epithelial tissues and 
in the western world, they account for more than 80% of all the cancer-related deaths 
(Weinberg, 2007) . They include cancers arising from the mouth, esophagus, stomach, small 
and large intestine, skin, mammary glands, pancreas, lung, liver, gallbladder, and urinary 
bladder. They encompass cell types from all the three primary cell layers in the early vertebrate 
embryo. Carcinomas are classified as either squamous cell carcinomas which derive from 
epithelial sheets that protect the cell layers (i.e. skin, esophagus) or adenocarcinomas that stem 
from epithelial cells that secrete substances (i.e. breast, prostate, lung, stomach).  
The rest of malignant tumors arise from non-epithelial tissues, one such cancer is 
sarcomas, which originate from the mesoderm layer. Sarcomas account for about 1% of all 
the cancers (Weinberg, 2007) and they derive from a variety of mesechymal cell types. Included 
in these types are fibroblasts which secrete collagen, adipocytes which store fat in the 
cytoplasm, osteoblasts which form bone, and myocytes which assemble to form muscles 
(Caplan, 1991; Caplan, 2005). Another non-epithelial cancer is leukemia, which arises from the 
cell types that constitute the blood-forming (hematopoietic) tissues. This type of white cell 
cancer develops in the bone marrow and moves through the circulation (NCI, 2015). 
Lymphomas, on the other hand, are derived from lymphocyte lineages that aggregate and form 
solid tumors in the lymph nodes (Taylor, 2000). The fourth group of non-epithelial tumors 
derives from the neuroectoderma which consists of cells of the central and peripheral nervous 
system in the outer layer of the early embryo. These are very aggressive cancers that account 
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for 1.3% all of diagnosed cancers but account for 2.5% of all cancer related deaths. These 
cancers include gliomas, glioblastomas, neuroblastomas, medulloblastomas, and 
schwannomas (ABTA, 2014). 
Not all tumors fit nicely into one of these four large groups described above and 
among those cancers are melanomas, and small-cell lung carcinomas (SCLCs). Apart from the 
blood forming tissue cancers, about 80 % of all cancers are categorized as solid tumors 
(Gruber, 2000). In cancer, the tumors can become aggressive and disseminate to distal sites 
through a process called metastasis. Metastasis accounts for more than 90% of cancer related 
deaths in the United States (Weigelt et al., 2005). 
For my research work, I employed cancer cells from both mesenchymal and carcinoma 
origins, both of which form solid tumors. Many of my experiments were conducted using 
human derived HT1080 cells which are a fibrosarcoma cell line, of fibroblastic origin. I also 
performed experiments with breast cancer cells as well as patient derived pancreatic cancer 
cells, both categorized as adenocarcinomas.  
 
1.2 Metastasis of solid tumors: 
It is globally accepted in the cancer research community that tumor progression is 
composed of primarily 7 steps as shown in Fig. 1.1. First, the cancer cells form a primary 
tumor, as the tumor expands the innermost cells start to starve of nutrients. Then, to cope for 
the lack of nutrients, small vessels are formed inside the tumor to supply the nutrient demand 
in and out of the core. This change that the tumor goes through is known as vascularization. 
After some time and through a process that is still poorly understood, the cells at the periphery 
of the tumor acquire a motility phenotype and detach from the primary tumor (Wirtz et al., 
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2011). This process is known as the epithelial-mesenchymal transition or EMT, where 
epithelial like cells become mesenchymal like cells.  
Many molecules have been identified that are associated with EMT where activation 
of epithelial genes is repressed when mesenchymal genes are expressed. EMT is mainly driven 
by SNAIL, zinc-finger E-box-binding (ZEB) and basic-loop-helix (bHLH) transcription 
factors (Lamouille et al., 2014). Once cancer cells acquire the ability to move, they start 
invading the nearby stroma and occasionally they are able to penetrate inside blood vessels or 
the lymphatic vessels. This process through which cancer cells penetrate inside vessels is 
known as intravasation (Tsuji et al., 2009). Cancer cells need to be able to avoid anoikis—
programmed cell death induced by the loss of normal cell-ECM interactions (Taddei et al., 
2012)—and go through a lot of physical changes to reach the blood vessels; but once there, 
they take advantage of the free highway and get transported to distal sites by the blood flow. 
At some point in their journey, cancer cells adhere to the vessels and leave the blood stream 
through a process known as extravasation (Wirtz et al., 2011). Once outside, they form 
micrometastasis that grow into macrometastasis known as secondary tumors, which are usually 




Figure 1-1. Metastatic cascade. 
First, cells divide abnormally creating a primary tumor which gets vascularized. Then, cells detach from 
this primary tumor, invade into the surrounding extra-cellular matrix and enter the blood vessels 
(intravasation) to get transported to distal sites by the blood flow. Eventually, they adhere to blood 






As shown in the figure above, it can be appreciated that the metastatic cascade is a complex 
process in which cancer cells have to be very versatile to adapt to the different steps and thrive 
to survive and to colonize in new sites forming secondary tumors or metastases. There are 
physical and genetic changes associated with each of the steps in this cascade and an enhanced 
understanding of the details of both changes at each step could greatly improve the course of 
treatment for cancer patients.  
Scientists have known about cancer since 2000 B.C.E. (Mukherjee, 2011), but it was 
only in the twentieth century, after President Richard Nixon signed the National Cancer Act 
in 1971 to promote cancer research, that cancer came to be viewed as a disease of cells 
malfunctioning associated with genomic instability (Hanahan and Weinberg, 2000). Since then, 
scientists have identified genetic mutations that promote cancer development by either 
oncogenes which are turned on when they should be silenced or tumor suppressor genes 
which lose their function  (Bishop et al., 1996). However, over the last decade it has become 
clear that cancer should not be viewed as a disease evolving from traits of cancer cells 
themselves but instead as dynamic contributions of cancer cells and what is known as the 
tumor microenvironment (Hanahan and Weinberg, 2011). 
 
1.3 Tumor microenvironment:  
As shown in Fig. 1.2, the tumor microenvironment is a complex biomechanical, 
biochemical, and physical system made out of cellular components that are not only malignant 
cancer cells but also genetically stable stromal cells and the extracellular matrix (ECM). Among 
these stromal cells are fibroblast, endothelial, inflammatory, and vascular cells. The ECM is 




Figure 1-2. The tumor microenvironment. 
This microenvironment consists of a mass of cancer cells surrounded by non-malignant cells and an 
extracellular matrix (ECM). Adapted from (Gilkes et al., 2014) 
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proteoglycans such as hyaluronic acid, keratan sulphate and chondroitin sulpahte (Frantz et 
al., 2010). Collagen is the most abundant protein in the ECM and in the connective tissue with 
about 80-90 percent of the collagen in the body consisting of types I, II and III (Kadler et al., 
2007; Muiznieks and Keeley, 2013). 
The communication between cancer cells and their microenvironment regulates tumor 
invasion (Quail and Joyce, 2013) through various mechanisms that are currently being studied. 
For instance, secreted factors from immune cells can facilitate tumor proliferation, inhibit 
cancer cell death, promote angiogenesis, and modify the extracellular matrix to aid cancer cell 
invasion (DeNardo et al., 2010; Grivennikov et al., 2010; Karnoub and Weinberg, 2006; Qian 
and Pollard, 2010). In addition, the ECM, which was originally thought to be an inert structural 
foundation for tissue support has been proven to be critical in the regulation of cell growth, 
survival, motility, and differentiation (Leitinger and Hohenester, 2007; Xian et al., 2010). An 
important quality of the ECM is that it is constantly being remodeled and tuned carefully to 
enable the proper function of each organ (Egeblad et al., 2010; Hynes, 2009). Cancer 
associated ECM is characterized by increased deposition and altered organization and has been 
reported to contribute to cancer histopathology and cancer cells’ aberrant behavior (Levental 
et al., 2009; Lu et al., 2012; Provenzano et al., 2008).  
Even though, these studies have provided some insights on how immune cells and the 
ECM may affect tumor behavior, it is still unclear how each of the components of this tumor 
microenvironment is dynamically affecting each other to promote cancer progression. Since it 
is challenging to study these dynamic contributions in vivo, as an alternative, researchers have 
developed several in vitro systems that recapitulate aspects of the human physiology to serve 
as tumor models and decouple the contributions of tumor growth and invasion. One such 
model that has regained attention over the last few years, with the advent of new technology, 
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is the usage of avascular multicellular tumor spheroids (Hirschhaeuser et al., 2010). These 
spheroids are three-dimensional (3D) models that have proven to be more predictive; and 
therefore, more physiologically relevant than the study of cancer cells on the traditional flat 
two-dimensional (2D) monolayer cultures (Kunz-Schughart et al., 2001; Pickl and Ries, 2009; 
Yamada and Cukierman, 2007).  
 
1.4 Cancer spheroids as tumor model  
The idea of avascular cancer cell spheroids was introduced to cancer research more 
than half a century ago (Holtfreter, 1944; Moscona, 1957), and their study has contributed to 
an understanding of cellular responses to therapeutic intervention.  For example, cancer 
spheroids were studied in radiotherapy, oncolytic virus, hyperthermia, and chemotherapy and 
they have shown to be a good alternative to study the in vivo solid tumor situation (Desoize et 
al., 1998; Desoize and Jardillier, 2000; Dubessy et al., 2000; Kurozumi et al., 2007; Mueller-
Klieser, 1997; Olive and Durand, 1994; Santini and Rainaldi, 1999). As these studies advanced, 
the development of more sophisticated experimental models and new technology were 
required to characterize the cancer spheroid behavior. For instance, the study of cell spheroids 
independent from an ECM lacks the crucial cell-ECM interaction as well as the physical 
resistance that ECM creates for cells to migrate and proliferate. Despite the challenges 
studying 3D systems when compared to 2D, establishing a quantitative and mechanistic 
understanding of the tumor dissemination process within naturally derived ECM components 
is crucial to develop better cancer therapeutics. Today, the most widely used 3D tumor model 
is tumor spheroids embedded inside 3D matrices since it recapitulates some of the key events 
of the in vivo situation such as having a defined geometry, the ability to study initial steps of 
metastasis and tumor growth (Benien and Swami, 2014). 
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1.5 Thesis overview  
For my thesis work, I have used the spheroid gel invasion assay. This assay consists of 
embedding multicellular spheroids inside three-dimensional (3D) matrices composed of 
collagen I, which is a major component of connective tissues, to mimic the extracellular matrix 
(ECM) of tumors. My goal was to study how cancer cells emanate from spheroids into the 3D 
matrices, simulating cancer cell invasion from tumors. I used human-derived fibrosarcoma 
HT1080 cells to form spheroids, which is a highly invasive cell line, and was able for the first 
time to develop an in vitro 3D invasion model with the capability of analyzing the spatio-
temporal kinetic and morphologic changes at the single-cell level inside tumor spheroids.   
In chapter 2, I describe the overall methods used and the experiments performed to 
characterize the invasion patterns of cancer cells inside spheroids. In chapter 3, I describe in 
detail 3 methods that I designed, tested, and optimized which were crucial to accurately and 
consistently perform analysis on this sophisticated in vitro system. In addition, I provide 
evidence of misleading invasion results which occur when a fully 3D environment is not 
guaranteed. In Chapter 4, I present my findings on the invasion profiles of tumor spheroids.  
My results demonstrate that the invasion profile of tumor spheroids is an orchestrated 
process that leads to a highly organized, persistent invasion pattern, which is fundamentally 
different from homogeneously embedded single cells in 3D collagen matrices. In Chapter 5 
and 6, two in silico models of this 3D system are explored. With these mathematical models I 
studied the dynamic contribution from cell proliferation, cell migration/invasion, and cell-
ECM interactions to the invasion of cancer cells spheroids. Chapter 7 concludes the 
dissertation with an overall summary and proposes future work for this system.  
In the appendices A and B, I describe other side projects that I was involved in where 
I studied if mechanical stimuli could activate the tumor suppressor gene p53. At the shear 
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stresses tested, p53 was not activated but target gene p21 had an increased in the mRNA levels. 
I also studied the role of collagen density in the growth of Institutional Review Board (IRB) 
approved patient-derived pancreatic cancer cells and showed that collage density modulates 







2 OVERVIEW OF MATERIALS AND 
METHODS  
 
The biophysical methods employed in the following studies were aimed at 
characterizing the spatio-temporal behavior exhibited by tumor spheroids embedded in 3D 
collagen matrices. These methods were used to maintain and quantify the dynamic behavior 
of cancer cells. 
 
2.1 Cell culture and cell spheroids  
I cultured HT1080 cells (ATCC, Manassas, VA) in Dulbecco’s modified Eagle’s 
medium (DMEM, Mediatech, Manassas, VA) supplemented with 10% (v/v) fetal bovine 
serum (FBS, HyClone, Logan, Utah) and 0.1% gentimicin (Sigma, Saint Louis, Missouri) and 
maintained them in a humidified environment at 37oC and 5% CO2 during culture and live cell 
imaging. I passaged the cells every 2-3 days for a maximum of 20 passages. I formed HT-1080 
cell spheroids in non-adhesive round-bottom 96-well plates following a protocol modified 
from (Carey et al., 2013). Briefly, I trypsinized monolayers of fluorescently labeled HT1080 
cells and suspended them in spheroid formation media (3:1 DMEM:methocult H4100 
(Stemcell techonologies, Vancouver, BC)) at a density of ∼1 x 10
6 
cells/ml; I seeded 100 µl of 
this cell solution into each well of the 96-well plate. I then centrifuged the cells in the well-
plate at 1200 RPM for 7 min; I rotated the 96-well plate and centrifuged it again to guarantee 
roundness. After centrifuging, I incubated the cells under standard conditions (as mentioned 




2.2 Lentiviral production and transduction  
In our lab, we purchased the lentiviral vector of EGFP (pCS-CG) from Addgene 
(Cambridge, MA) and I produced the second-generation lentivirus as described previously 
(Lee et al., 2012). Briefly, I transiently co-transfected 293T cells (ATCC) with three plasmids, 
including lentiviral vector DR 8.91 and pMDG-VSVG, using the standard Calcium phosphate 
precipitation method. After a 22-24 h transfection, I replaced the medium with fresh medium. 
I then harvested lentiviral particles after 24 h by collecting the medium and filtering it through 
a 0.45 µm filter (Millipore, Bedford, MA) to remove cell debris. I stored the filtered medium 
at -80◦C. I used this filtered medium to transduced HT1080 cells several times with 8-µg/ml 
polybrene. After transductions, I used tluorescence-activated cell sorting (FACS) to obtain the 
top 10% of EGFP expressing cells.  
 
2.3 1-integrin depletion by shRNAs  
This cell line was a generous gift of Dr. Lijuan He (Wirtz lab). She used the online 
program Dharmacon (http://www.dharmacon.com) to design the RNAi sequences targeting 
mRNA of 1-integrin. The sequence used was TGCCTACTTCTGCACGATGT. She then 
performed western blotting and confirmed the depletion of the protein using ImageJ (NIH) 
(above 90% efficiency).  
 
2.4 3D type I collagen matrices  
I prepared collagen gels as previously described in (Wolf et al., 2007) by mixing culture 
medium and 10x reconstitution buffer, 1:1 (v/v), with soluble rat tail type I collagen in acetic 
acid (BD Biosciences, San Jose, CA) to achieve the desired final collagen concentrations of 1, 
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2, 3, 4, 5, and 6 mg/ml. 1 M NaOH was then added to normalize the pH (pH 7.0, 
0.023*volume collagen = volume of 1 M NaOH as directed in the BD protocol). While I was 
making the gels, I kept all reagents chilled in an ice bath, and took care to avoid bubble 
formation. For single cell experiments, I placed 500 µl of collagen mixture at cell density of 
3.6 x 10
4 
cell/ml in a 24-multiwell culture plate (Corning, Tewksbury, MA) and incubated 
under standard culture conditions overnight. The next day, I added medium to the gels two 
hours prior to live imaging. For cell spheroids, I first added 600 µl of collagen solution (without 
any cells) to 8 mm ID square cells (Vitrocom, Mountain Lakes, NJ). To place the spheroid in 
the middle of the square cell, I slowly aspirated the cell spheroid with a 1 ml pipette tip from 
the 96-well plate and placed it on the lid of a 10 mm petri-dish, I discarded the spheroid 
formation media and then, I aspirated the spheroid into a 200 µl pipette tip with 20 µl of 
collagen solution. Once the spheroid was in the pipetted tip, I placed it in the middle of the 
square cells/glass cuvettes to guarantee a 3D micro-environment. I incubated the cuvettes 
under standard conditions for 30 min before adding 200 µl of warm culture medium on top 
of the gel. For experiment with fluorescently labeled beads (Molecular probes by Life 
Technologies, REFF8834, Frederick, MD), I added 10 µm beads to the media I was using to 
make the collagen solution for a final bead concentration of 7.2 x 104 beads/ml.  
 
2.5 TAMRA-Collagen Labeling 
I labeled rat tail collagen as previously described by (Geraldo et al., 2013). Briefly, I 
dissolved TAMRA power (Life Technologies, Grand Island, NY) in DMSO to a final 
concentration of 10 mg/ml. I then injected 1 ml of high concentrated rat tail collagen into a 
presoaked 10,000 MWCO dialysis cassette (Life Technologies)  and dialyzed it overnight 
against 1 L of labelling buffer (0.25 M NaHCO3, 0.4 M NaCl). After the collagen was dialyzed, 
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I mixed it with 100 µl of the TAMRA solution diluted in 900 µl of labeling buffer. I then 
incubated this collagen/TAMRA solution overnight with rotation at 4Co and dialyzed it the 
next night against 1L of labeling buffer to remove excess dye. Subsequently, I again dialyzed 
this solution overnight in 1 L of 0.2% (v/v) acetic acid solution, pH 4. I calculated the final 
concentration of TAMRA labelled collagen from the measured final volume, and the initial 
collagen volume and concentration. 
 
2.6 Cell spheroid growth  
I imaged the mid-plane of cell spheroids embedded in 3D collagen matrices at low 
magnification (10x) once a day for 7 days with a Nikon TE2000 microscope. I obtained the 
cell spheroid area by using Nikon elements software to manually trace the cell spheroid 
periphery as depicted in (Fig. 4-1B). 
 
2.7 Drug treatments  
I dissolved specific myosin II inhibitor blebbistatin and ROCK inhibitor Y-37632 
(Sigma) in DMSO and added it to the medium on top of the collagen gel for a final 
concentration of 25 µM and 10 µM respectively. I added the warm medium with the drug 15 
min after the formation of the collagen-embedded spheroid complex.  
 
2.8 Live-cell tracking of individual cells within spheroids and inside collagen gels   
I performed live cell imaging of multicellular spheroids containing 10% of 
fluorescently labeled (GFP) HT1080 cells at low magnification (10X) for 8h every 14 min in 
the mid-plane of the spheroid using a Nikon swept field microscope. For analysis of 
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homogeneously distributed cell in collagen gels, I imaged single cells for 25 h every 2 min 1000 
µm above the bottom of the 24-well plate at low magnification (10x) using a Nikon TE2000 
microscope. Both single cell measurements, single cell in spheroids and single cells 
homogeneously distributed in gels, I tracked the cells using Metamorph image recognition 
software (Molecular devices, Sunnyvale, CA). 
 
2.9 Mean squared displacement of single cells  
I calculated the mean square displacement (MSD) as previously described (Giri et al., 
2013) by using a custom MATLAB program (MathWorks, Natick, MA, USA). With this 
program calculated the MSD using x, y coordinates obtained from the cell tracking using 
equation (2-1):  
 
 𝑀𝑆𝐷 = 〈[𝑥((𝑡 + ∆𝑡)) − 𝑥(𝑡)]2 + [𝑦(𝑡 + ∆𝑡) − 𝑦(𝑡)]2〉 Eq. (2-1) 
 
Note that these x and y coordinates are the 2D projection of 3D cellular movements. I 
assumed that cell movements were isotropic and checked that this was the case as previously 
described in (Giri et al., 2013). I performed velocity measurements inside the spheroids by 
calculating the radial and tangential components of the trajectory vector of each cell with 
respect to the origin. 
 
2.10 Embedding collagen gels for cryostat sectioning  
To embed collagen gels, I modified a previously described protocol to freeze 
glioblastoma spheroids in (Guerrero-Cazares et al., 2009). Briefly, at the desired time point, I 
fixed collagen gels in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in 
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PBS (v/v) overnight at 4oC. The next day, I gently detached the collagen gels from glass 
squared cells and submerged each of them in 7 ml of 30% sucrose (Sigma) in 10X PBS and 
stored at 4oC for approximately 24 h. I then submerged the gels in a mixture of 30% sucrose 
and OCT (8:2 sucrose to OCT for 2mg/ml and 7:3 ratio for 6mg/ml) and snap froze them 
on dry ice and ethanol. 
 
2.11 Immunofluorescence microscopy  
For immunofluorescence images, I stained cryostat slices as previously described 
(Montel et al., 2012). Briefly, I rinse the slices with 1X PBS, blocked with 2% BSA (Sigma) in 
PBS for 30 min at room temperature and then incubated for 1 h with Alexa-Fluor phalloidin 
488 (Life technologies, Grand Island, NY) at a 1:40 dilution, and DAPI ProLong ®Gold 
antifade reagent (Life Technologies). I then visualized the stains using a Nikon TE2000 
microscope with a Luca-R EMCCD camera (Andor Technology, South Windsor, CT). 
 
2.12 Computational calculation of the cell density 𝝆 
I extracted the average radial local density of the cells by creating a histogram of the 
number of cells over a mesh of voxels defined on the equatorial plane of the cryostat slice 
image. By assuming spherical symmetry, I counted the number of cells using the image 
segmentation tools in MATLAB as illustrated in Fig. 2-1. The volume 𝑉 of each voxel was 
fixed at 2x104𝜇𝑚3. Different values for the fixed volume did not affect the cell density profiles. 
I also optimized the corresponding radial position  𝑟 of each voxel using the local geometric 
constraints: cryostat slice thickness (10- 𝜇𝑚), voxel volume and the tangential angle. I 
subsequently obtained the average cell density profiles 𝜌(𝑟) by averaging 20 voxel samples on 
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each tangential direction for each 𝑟 position. The estimate for the total number of cells was 
then given by: 






where 𝑅𝑤 is the radius of the well in which the collagen-embedded spheroids were 
grown. 
 
2.13 Statistical analysis  
I calculated mean values, standard error of the mean (SEM), and statistical analysis 
using excel and plotted using Graphpad Prism (Graphpad Software). Where appropriate, I 
conducted the following statistical analyses to compare means: two-tailed unpaired t-tests and 
one-way ANOVA with Tukey post-test analyses. In all data, ****, ***, **, *, and ns indicate p 





Figure 2-1. Volume mesh on the equatorial plane slice. 
Cell density was calculated by generating a volume mesh (voxels) on the cryo-section slide and creating 
a histogram of the cells in each box. Then, the cell density per voxel was calculated from equation 2. 
The average cell density profiles 𝜌(𝑟) are then obtained by averaging 20 voxel samples on each 





3 TECHNICAL CHALLENGES SOLVED  
 
In the following chapter, I will describe in detail how I improved three methods that 
were crucial to characterize single-cell behavior within tumor spheroids: tumor spheroids 
formation, spheroid-matrix embedding to ensure a fully 3D environment, and cryo-sectioning 
of the collagen embedded spheroid to elucidate single cell arrangement inside the cluster.  
 
3.1 Tumor spheroid formation  
There are several methods currently being employed to form tumor spheroids 
including but not limited to the spinner flask, agarose, extracellular matrix for cells that form 
spheroids spontaneously, the hanging droplet, the use of the nunc well plates, and low adhesive 
round-bottom 96-well plate methods (Benien and Swami, 2014). Among these different 
technologies, I tried forming spheroids using agarose, the nunc well plates, the hanging 
droplet, and the low-adhesive round-bottom 96-well plate methods. The usage of the low-
adhesive round-bottom 96-well plates proved to be the most efficient for my experiments 
because it gave me mono-disperse spheroids and I was able to easily handle the spheroids after 
formation for embedding within collagen matrices.  
Because I performed most of my experiments with human-derived fibrosarcoma 
HT1080 cells, I will describe the formation of the spheroids with HT1080 cells; however, the 
same protocol was applied to a wide range of cell lines, including breast cancer MDA-MB-321 
and mammary epithelial MCF-10As. To form spheroids, I adapted a protocol previously 
described by (Carey et al., 2013). First, a few hours prior to forming the spheroids I prepared 
the spheroid formation media, which consisted of a mixture of DMEM and methocult H4100 
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(Stemcells Technologies) at a ratio of 3:1. Then, I trypsinized monolayers of fluorescently 
labeled HT-1080 cells with 1 ml of trypsin-EDTA ((0.25%) and phenol red (Life 
Technologies)). Once cells were detached from the cell culture flask, I added 6 ml of culture 
medium made with Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech) 
supplemented with 10% (v/v) fetal bovine serum (FBS, HyClone) and 0.1% gentimicin 
(Sigma). I counted the cell density in this cell solution (Countess Automated Cell Counter 
from Invitrogen) and centrifuged the cells at 1000 rpm (IEC centrifuge, Thermoscientific). I 
centrifuged the cells to remove the FBS and to re-suspend them in DMEM alone at a cell 
density of 1x106 cells/ml. Note, FBS was removed otherwise the cells would adhere to the 
bottom of the 96-well plates.  
Once I had the cells at a density of 1x106 cells/ml, I thoroughly mixed 100 µl of this 
cell solution with 900 µl of the spheroid formation media in a 1.5 ml centrifuge tube. I made 
as many tubes as necessary, depending upon the number of spheroids I was planning to use 
(~9 spheroids per centrifuge tube). Once this solution was ready, I used a low adhesive round-
bottom 96-well plate (Sarstedt, Numbrecht, Germany) and transferred 100 µl of the solution 
to the wells for a total of 104 cells/well. I used the middle of the wells and transferred 
autoclaved water to the remainder of the wells.  I centrifuged this 96-well plate at 1200 RPM 
for 7 minutes; then I rotated the plate around and centrifuged it again. It was important that 
the cells were centrifuged twice from different angles to ensure roundness. Before taking the 
plate to the incubator, I checked that all the cells were aggregated in a circular shape. If they 
were not, I would spin them down again. They would then be left to incubate for 2 days so 
that the cells would adhere to each other and form spheroids. The characterization of the cell 





Figure 3-1. Spheroid formation. 
A. Schematic of the circular cell layer on the bottom of the round bottom 96-well plate. B. Micrographs 
showing the compaction of HT1080 cells into spheroids as a function of time examined by 
fluorescence microscopy. Scale bar, 100 µm. C. Normalized radius as a function of time.  
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during the first 12 hours and a 6% decrease after that. Therefore, I used the spheroids between 
36 to 48 hours after formation. 
 
3.2 Spheroid embedding inside 3D type I collagen matrices 
To embed the spheroids in the collagen gels, I used 8x8 mm square cells, to which I 
refer as cuvettes to avoid confusion with cancer cells. These cuvettes are manufactured with 
borosilicate (Vitrocom). I washed the cuvettes by placing them into a beaker previously filled 
with enough 10% alconox detergent in DI water solution to cover the cuvettes. I then placed 
the beaker in a sonicator (Aquasonic, model 75D, VWR, Radnor, PA) for 15 min. After 
sonication, I rinsed the cuvettes multiple times to thoroughly remove the traces of detergent. 
Then, I rinsed them with acetone and ethanol and placed them in a chemical hood at room 
temperature to dry.  
While the cuvettes were drying, I thoroughly cleaned a water bath with 70% ethanol 
and filled it with enough water to cover the portion of the cuvette containing the sample 
mixture. I brought the water bath inside the biological hood to turn it on. I also placed 10 ml 
of culture media in a warm water bath to bring it to 37oC. Once the cuvettes were dried, I 
transferred them to the same biological hood along with water bath. I prepared 10 ml of 4 % 
(wt) agar solution (GeneMate, Cat. No. E-3119-500, Kaysville, UT) that I mixed with the 10 
mL of warm culture media for a final agar concentration of 2%. Before the agar solution 
solidified, I quickly transferred 800 µl of this solution to each of the cleaned cuvettes. Once 
the agar solidified, I cleaned the wall of the cuvettes with Kim wipes wrapped around a thin 
spatula that I sprayed with 70% ethanol and removed any agar traces from the cuvettes. Once 
the walls were cleaned, I shone UV light on both the cuvettes and the water bath (still inside 




Figure 3-2. Cuvettes used for tumor spheroid embedment inside collagen gels. 





imaging of the gels through the side as displayed in Fig. 2-2. Otherwise, the microscope insert 
would cover the spheroid. 
I used single cuvettes to be able to control the gelation temperature and to check that 
the spheroids were fully embedded in the collagen gels. I performed experiments before using 
well-plates and after carefully monitoring the gels, I discovered that any defect or interfaces in 
the collagen gels can lead to mechanical instabilities. These instabilities are hard to predict and 
to have a defined morphology they must be avoided.  In section 3.4, I show examples of some 
of the different morphologies and patterns that the cells created when the gels where not made 
at a uniform temperature and when gel interfaces where created.  
When the water bath was warm at 37oC, I got ready to start making the collagen gels. 
I first immersed the agar containing cuvettes into the warm water bath using a tube holder to 
ensure that the cuvettes achieved a uniform temperature of 37oC. It was very important to 
control the gelation process of the collagen gels using a water bath because it is known that 
crosslinking of the collagen at different temperature can drastically alter the gel microstructure 
leading to inconsistent results (Wolf et al., 2013). Since I worked with collagen gels at different 
concentrations, from 1 to 6 mg/ml, collagen stocks having different concentration were used: 
For lower concentrations (1, 2, and 3 mg/ml gels), I used rat tail collagen (Corning 354236) 
and for higher concentrations (4, 5, and 6 mg/ml), I used high concentrated rat tail collagen 
(Corning 354249).  The collagen matrices were prepared as previously described (Wolf et al., 
2007) by mixing culture medium and 10x reconstitution buffer, 1:1 (v/v), with the soluble rat 
tail collagen in acetic acid (BD Biosciences) to achieve the desired final collagen concentrations 
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of 1, 2, 3, 4, 5 and 6 mg/ml. Then, 1 M NaOH was added to normalize the pH1.  All reagents 
were kept chilled in an ice bath, and while mixing, care was taken to avoid bubble formation.   
Once the collagen mixture was ready, I kept it in an ice bath while I prepared the 
spheroid. I removed the round bottom 96-well plate containing the spheroids from the 
incubator and took it to a biological hood along with a 10 mm petri dish. With a 1 ml pipette 
tip I removed, from one of the wells in the 96-well plate, the 100 µl containing the spheroid 
and deposited them on the inside of the lid of the petri dish. I used a 1 ml pipette tip to avoid 
disrupting the spheroid morphology. The spheroids were visible to the naked eye. Once I had 
identified the spheroid, I removed the 100 µl of spheroid forming media leaving the spheroid. 
I next cut the tip of a 200 µl pipette tip and using a 20 µl pipette, I suctioned 15-20 µl of the 
collagen mixture. I used 15-20 µl of collagen solution to pick up the spheroid that I had resting 
on the lid of the petri dish. Again, I cut the tip of the 200 µl pipette tip to avoid disrupting the 
morphology of the spheroid. 
Once I had the spheroid inside the pipette tip, I took one of the cuvettes from the 
water bath and transferred 600 µl of my collagen solution taking care to rest the pipette tip on 
the wall of the cuvette to avoid bubbles and returned the cuvette to the water bath for 35 
seconds. After the 35 seconds, I inserted the spheroid into the middle of the gel in the cuvettes, 
taking care to avoid bubbles, and replacing the cuvette into the water bath to finalize the 






1 pH 7.0 = 0.023*volume collagen = volume of 1 M NaOH provided in Corning’s protocol. 
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gelation process. Since these spheroids are between 150-200 µm in radius, they can easily 
sediment to the bottom of the well in a liquid solution. Therefore, I placed the collagen mixture 
in the water bath for a few seconds to promote gelation and increase the viscosity so the 
spheroid would not settle to the bottom of the cuvette.  
I had to optimize the gelation time according to each collagen concentration, for 
example, 1mg/ml required 1 minute and 30 seconds while 6 mg/ml was sufficiently viscous 
that I did not need to promote gelation prior to embedding the spheroid. Once I had made as 
many gels as necessary and all the collagen mixtures were gelled, I checked that all the 
spheroids were fully embedded in the middle of the gel prior to adding 200 µl of collagen as 
protection for the spheroid containing gel. Once this protective layer was cross-linked, I added 
400 µl of warm media to the cuvettes and placed them into the incubator. It is very important 
that the media added was at 37oC otherwise the gels would detach from the walls and float in 
the cuvettes.   
 
3.3 Collagen gel embedding for cryostat sectioning  
Since my spheroids were a few millimeters in diameter and I was not able to have cell 
resolution in the middle of the spheroids with any available microscope, I decided to perform 
cryo-sectioning. I based my technique to section on a previously described protocol to section 
glioblastoma spheroids in (Guerrero-Cazares et al., 2009). The person who kindly showed me 
how to freeze spheroids mentioned that sectioning liver was very challenging since it was a 
very fatty and soft tissue. I encountered the same issue with my collagen gels because they 
would get smashed on the blade of the cryo-stat. Below, I will mention how I overcame this 
problem and successfully sectioned my gels.  
28 
 
 Because I wanted spatio-temporal resolution of the cell arrangement inside the 
spheroids, I sectioned the gels at different time points, mainly on days 3, 5 and 7. On the 
desired day, the collagen gels were fixed in 4% (v/v) paraformaldehyde (Electron Microscopy 
Sciences, Hatfield, PA) in PBS overnight at 4oC. On the following day, the collagen gels were 
gently detached from glass cuvettes and submerged in 7 ml of 30% sucrose (sigma) in 10X 
PBS and stored at 4oC for approximately 24 h. The gels were then frozen using dry ice and 
100% ethanol in different 30% sucrose and optimum cutting temperature (OCT) compound 
mixtures which depended on the collagen concentration. Different collagen gels had different 
stiffness so I had to optimize the ratio of OCT to sucrose solution to be able to section the 
gels. Traditionally, spheroids are frozen in OCT compound by itself but this did not work with 
the collagen gels. The temperature at which I could cut OCT compared to the collagen gels 
was higher (-20oC vs -30oC). To successfully section the gels I froze them in a mixture of 
sucrose solution with OCT2.  
For 2mg/ml gels, I needed a mixture of 80% sucrose and 20% OCT and for 6mg/ml 
gels, I needed 70% sucrose and 30% OCT. To ensure that the gel was sufficiently embedded 
in the middle of the OCT/sucrose mixture, I placed dry ice and 100% ethanol inside the lid 






2 This suggestion came from my friend Jane Chisholm, who sections lung and other organs and who had seen 




of a 1ml pipette tip box. Then, I placed a disposable plastic tissue embedding mold containing 
some of the OCT/sucrose mixture (about half of the mold) and let it freeze until the bottom 
surface was opaque and white. When this happened, I removed the mold out of the dry 
ice/ethanol and carefully placed the gels with a spatula in the middle and poured more 
OCT/sucrose mixture on top and submersed the mold again in the dry ice and ethanol until 
the entire mixture froze. I did as many cycles as needed and stored all the collagen gel 
containing molds in a -80oC freezer.    
When I was ready to section, I turned on the cryo-stat machine (Microm HM 550, 
Thermo scientific, Waltham, MA) and set it at the desired temperature. Again, I optimized the 
temperature according to the concentration of the gels I was sectioning. All of the sections I 
made were 10 µm thick. For 2mg/ml gels, the specimen temperature was set at -45oC and the 
chamber temperature at -35oC and for 6 mg/ml, the specimen temperature was set at -40oC 
and the chamber temperature was set at -32oC. While the cryo-stat was adjusting to the set 
temperature, I placed the molds containing the gels inside the cryo-stat chamber for their 
temperature to equilibrate too (about 20 min). Then, I added OCT to the sample holder to 
glue the sample to the holder and proceeded to the sectioning of the gels. Once I had obtained 
the desired sections, I stored them at -20oC or -80oC in a slide box or used for experiments. 
Fig. 3-3 shows typical micrographs of mid-plane sections of tumor spheorids at days 3, 5 and 
7 for 2mg/ml and 6mg/ml gels.  Generally, I stained the sections and cell density and cell 




Figure 3-3. Mid-plane cryo-sections of tumor spheroids. 
A. Time-evolution of mid-plane cry-sections of tumor spheroids embedded inside 3D collagen gels at 
2mg/ml and 6mg/ml examined under fluorescent microscopy (green-actin filaments, blue-nucli, and 




3.4 Mechanical instabilities created by tumor spheroids in 3D collagen gels 
In the following section, I will discuss a few methods I tried to guarantee a fully 3D 
environment of tumor spheroids inside collagen gels. These methods proved to be inadequate 
and inaccurate but I present pictures to highlight the importance of ensuring the spheroids are 
in a truly 3D environment. Otherwise, it is impossible to have a defined shape for reproducible 
results and for the analysis of the spheroids growth and invasion.  
Initially, when I began forming spheroids to embed inside collagen gels, I used to make 
my gels inside 48-well plates. When working with large tumor spheroids (r > 160 µm), the 
effects of gravity were no longer negligible as it is for single cells and the spheroids sediment 
to the bottom of the wells preventing a fully 3D environment. To overcome this, I decided to 
add half of the collagen mixture, 200 µl, and wait for a few minutes to promote gelation before 
adding the spheroid and another 200 µl of collagen mixture. This way, the spheroid would lie 
between two collagen slabs that gelled at slightly different times and probably at different 
temperatures (Fig. A-1). After fixing the cells in the gels, I became aware that the cells were 
growing at the interface of the two collagen gels and after long times (7 days), I was able to 
separate the two collagen gels (Fig. A-1).  
The maximum penetration using a Nikon A1 confocal microscope in these gels was 
around 100 µm and because my gels were a few mm in thickness; I imaged the two gels 
separately and flipped them from top to bottom to get an idea of what the gels looked like. 
Confocal imaging on of these spheroids showed that the cells that invaded from the spheroids 
towards the top gel vs. the bottom gel had very different shapes and the overall invasion 
pattern was different as shown in Fig. A-2. The outside of the gels looked very similar but the 
top gel was smaller than the bottom gel. On the other hand, the insides of the gels show that 
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there were some patterns or mechanical instabilities formed on the top gel and in the bottom 
gels there was a hollow structure as illustrated in Fig. A-2. 
Also, in Fig. A-3, I showed what a whole gel would look like when I stitched all of 
the scans from the halves together into one image. In this figure, I show an example of what 
tumor spheroids look like after 7 days in collagen gels at 2mg/ml and 6 mg/ml.  
In addition, in Fig. 3.7, I show what the cryo-sections of these gels would look like 
when the spheroids are not embedded in a completely 3D environment.  
In sum, these images demonstrated that to have a defined shape and consistent results, 
it is important to make sure that no interfaces are being created. In addition, the gelation 
process should take place at the same temperature and I recommend using a water bath for 























A. Collagen gel delineating the interface between the top and the bottom gels that was formed inside 
48-well plates. B. Schematic showing the shape of the top part of the gel. C. Schematic showing the 
shape of the bottom part of the gel.   
 




Figure 3-5. Confocal images of GFP-tagged cells inside 3D collagen gels. 
A. Cell distribution in the collagen gels when imaged from the bottom, tumor spheroids were imbedded 
in the gels for 7 days. Inset shows the half the gel imaged. B. Pattern formation when cells invade to 
the bottom part of the gel in the middle. Inset shows the gel orientation before imaging. C. Pattern 
formation by the cells when invading to the top gel from the middle of the gel. D. Cell distribution on 




Figure 3-6. Gel halves stitched together at different collagen concentrations. 
A. Cell distribution inside a 3D collagen gel at 2mg/ml, bottom gel shows the same gel with a view 
from the inside. B. Cell distribution inside a 3D collagen at 6mg/ml, bottom gel shows the same gel 







Figure 3-7. Cryo-sections of tumor spheroids inside 3D collagen gels. 
Typical fluorescent micrographs, blue-DAPI and green-F-actin, showing the cells dispersion inside 





4 SPATIO-TEMPORAL INVASION OF 
TUMOR SPHEROIDS 
 
Through mathematical modeling, it has been suggested that cells emanating from 
tumor spheroids display a bias in the radial direction while invading inside 3D matrices (Stein 
et al., 2007; Szabo et al., 2012). Earlier studies relied mostly on measurements of the invasive 
front of the spheroid, without the benefit of experimental values obtained from the interior 
of the spheroid. Because this invasion behavior should be a result of intricate spatio-temporal 
behavior within the spheroid, I hypothesized that individual cells within the tumor spheroids 
would display radially-dependent morphology and motility phenotypes.   
 
4.1 Introduction 
Cancer cell dissemination from solid tumors is the main cause of cancer mortality 
accounting for ~90% of all cancer-related deaths (Weigelt et al., 2005). The mechanism by 
which cancer cells spread remains largely unknown due to the difficulty in clinically monitoring 
the metastatic process. An alternative to study this process is in vitro systems such as the 
spheroid gel invasion assay which recapitulates events of the in vivo microenvironment ((Kunz-
Schughart et al., 2001; Pickl and Ries, 2009; Wolf et al., 2007). This assay consists of 
embedding multicellular spheroids inside three-dimensional (3D) extracellular matrices (ECM) 
such as collagen, which allows for both cell-cell and cell-ECM interactions.  
This 3D invasion model has been used to understand the mechanism of how non-
invasive tumor cell spheroids become invasive (Dolznig et al., 2011), what governs sprouting 
(angiogenesis) of endothelial spheroids inside collagen gels (Korff and Augustin, 1999), and 
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the role of MMPs in cancer cell invasion (Wolf et al., 2007). However, the arrangement of the 
cells in space and time within the spheroids remains to be explored.   
Here, I exploit this 3D invasion process to investigate cancer cell invasion from tumor 
spheroids and I report for the first time the development of a model with the capability to 
analyze the spatio-temporal kinetic and morphologic behavior with single cell resolution inside 
tumor spheroids.  
 
4.2 Results 
4.2.1 Tumor cell invasion in 3D collagen matrices 
To study cancer cell invasion and growth in 3D environments, cell spheroids were 
embedded into 3D collagen matrices (Fig. 4-1A). The invasion distance of tumor spheroids, 
∆𝑟 = 𝑟(𝑡) − 𝑟(0), equal to the distance between the ECM-spheroid interface and the 
spheroid center, showed a >10 fold increase over 6 days (Fig. 4-1B), indicating that HT1080 
spheroids were highly invasive within 3D collagen matrices. To characterize the time-
dependent growth of the spheroids and mode of invasion of the cells into the surrounding 
collagen matrix, the spheroid invasion distance was continuously measured for 7 days (Fig. 4-
1C). If the invasion resulted from random-walk migration of individual cancer cells in the 
spheroids, then the invasion distance would increase with time at the rate of ∆𝑟 ~ t 0.5 (Doob, 
1942; Uhlenbeck and Ornstein, 1930). However, my results showed that the invasion distance 
propagated over time at the rate of r ~ t a with an exponent a = 1.03 ± 0.02. This result 
suggested that cells in spheroids were highly invasive within 3D collagen I matrices and that 
this invasion process was fundamentally different from the case of individual cells embedded 
inside 3D collagen gels undergoing anisotropic random-walk migration (Wu et al., 2014).  
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 To further investigate how individual cells in the dense spheroid contributed to this 
overall invasion into the surrounding 3D matrix, and to take into account the local density of 
cells inside the spheroids, spheroids grown for 3, 5, and 7 days were cryo-sectioned and 
analyzed using quantitative fluorescence microscopy. I visualized cells and their nuclei via 
DAPI staining of nuclear DNA and fluorescent labeling of the major cytoskeleton filamentous 
protein F-actin (Fig. 4-1D and E).  Fluorescent images of the mid-plane sections of spheroids 
showed an exponential decay distribution of cells within the spheroids. Cell density was 
significantly higher at and near the geometric center of the spheroids than at the edges of 
spheroids and steadily decreased along the radial axis of the spheroid (Fig. 4-1F).  
Next, the spreading dynamics of cancer cells into the 3D matrix was evaluated to take 
into account the local time-dependent cell density of cells in the spheroids. The mean square 
displacement (MSD) of cells weighted by the local density distribution of cells in the spheroids 
was estimated at different time points (Fig. 4-1G and H). Analysis of this density-weighted 
ensemble-averaged MSD profile indicated that cancer cells moved into the matrix with an 
exponent of 0.97 ± 0.13, suggesting that global cell invasion weighted by the local density of 
cells in the spheroids followed random-walk statistics. Interestingly, cells inside the spheroid 
showed a two-fold higher effective diffusivity constant compared to single cells embedded at 
very low density in the same type of 3D collagen matrices, indicating that cells in the spheroids 
were more motile than single well-spread cells (Fig. 4-1H). Since weighted MSD calculations 
did not explain the invasion process observed by monitoring the propagating front of the 
spheroid, this indicated that this high invasion of spheroids into the surrounding matrix was 





Figure 4-1. Tumor spheroids highly invade inside 3D collagen matrices.   
A. Schematic of experimental procedure: tumor spheroid preparation, embedding, and invasion inside 
a 3D collagen matrix. B. Representative stitched phase-contrast images show human fibrosarcoma 
HT1080 spheroids at 0, 3, and 6 days after embedding in 2mg/ml collagen matrices. The spheroid 
boundaries are manually traced to obtain invasion distance, Δr. C. Invasion distance profile of HT1080 
spheroids over time (N=25). Exponent of invasion distance profiles has value of 1, indicating that 
spheroid invasion in 3D ECM is a highly invasive process. An exponent of 0.5 is indicative of free 
diffusion. D. Schematic of collagen containing tumor spheroid before cryo-sectioning E. 
Representative stitched fluorescent images of the mid-plane cryo-stat section (thickness, 10 µm) of 
spheroids grown inside 2mg/ml collagen gels for 3 and 5 days (blue-nuclei and green-actin filaments). 
Inset shows the dispersion of the cells in the middle of the spheroid.  F. Cell density ± SEM values as 
a function of radius measured from the mid-plane cryo-sections at 3, 5, and 7 days. H. Mean square 
displacement (MSD) ± SEM values for cells grown in tumor spheroids as well as for homogeneously 
distributed cells inside 3D matrices. The MSD for spheroids was weighted by the local cell density as 
shown in the equation G and the MSD for single cells as previously explained in materials and method 
sections. Scale bars represent 500 µm and 20 µm in the inset. Error bars represent SEM.  
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4.2.2 Spatio-temporal distributions of cell morphology in spheroid  
To explore whether the highly invasive cells were spatially distributed inside the 
spheroids, I examined the morphology of cells within the spheroid (Fig. 4-2A) because it has 
been shown that HT1080 cell invasion in 3D matrices form a protrusive phenotype (Giri et 
al., 2013). Based on the aspect ratio of the cell (asp), I categorized cells as either elongated (asp 
> 1.05) or round (asp < 1.05) (Fig. 4-2B); and I computed the percentages of elongated vs. 
round cells as function of time along the radial direction. There were approximately 45% of 
elongated cells in the spheroids, regardless of the time for which the spheroid had been 
embedded inside the 3D matrix (Fig. 4-2C). However, there was a significantly higher 
percentage of elongated cells away from the core of the spheroid (r <= 250m): only ~30% 
of cells were elongated at the spheroid core, while ~70% were elongated at the periphery of 
the spheroid (Fig. 4-2D). Moreover, the fraction of elongated cells inside the spheroid was 
significantly higher than for individual cells homogeneously distributed at low density in a 3D 
matrix (Fig. 4-2D): The percentage of elongated cells in homogeneously seeded cells in 3D 
matrices at different cell densities was approximately 25%, regardless of how many days the 
cells had been embedded in the matrices (Fig. 4-3A-C). Further, I found that the cells in 
spheroids were not only elongated but also highly aligned in the radial direction at the 
periphery of the spheroids from measuring the angles between the long axis of the cell body 
and a line going through the origin of the spheroids (Fig. 4-2E) Interestingly, the degree of 
cell alignment increased as a function of time (Fig. 4-2F).  
Together these results demonstrate that cell elongation and degree of cell alignment 





Figure 4-2. Spatio-temporal cell morphology shift and cells alignment.  
A. Representative fluorescent micrograph of a mid-plane section of a spheroid embedded for 7 days 
showing the morphologic difference between cells close to the periphery and cells in the middle of the 
spheroid (blue-nuclei and green-actin filaments). B. Schematic of elongated vs. round cells. C. 
Percentage of elongated ± SEM cells in the sections at 3, 5 and 7 days. D. Percentage of elongated ± 
SEM cells as a function of radius for 3, 5, and 7 days and for single cells homogeneously embedded 
inside 3D gels. E. Cell angle ± SEM as a function of radius for 3, 5 and 7 days. Inset shows the angle 
measurement. F. Angle frequency distribution as a function of radius and time. Scale bar represents 








Figure 4-3. Percentage of elongated cells does not change regardless of cell density 
differences for single cells embedded in collagen gels. 
A. Schematic of homogeneously distributed single cells inside collagen cells before cryo-sectioning. B 
and C. Percentage of elongated ± SEM cells as a function of local cell density for cells incubated in 




4.2.3 Cells have distinct motility profiles within tumor spheroids 
To discern whether these complex spatial and temporal morphological distributions 
within spheroids may be implicated in local patterns of cell motility, I next studied single-cell 
motility inside the cell spheroids. To determine the motility patterns of individual cells within 
the spheroids, I formed spheroids composed of 10% GFP-tagged cells and 90% wild type 
cells to track individual cells at different locations within the spheroid for 8 h at 14-min time 
intervals (Fig. 4-4A). Analysis of cell trajectories readily showed that cells closer to the 
periphery of the spheroids moved persistently in the radial direction, as opposed to the cells 
at or close to center of spheroids (Fig. 4-4B). 
The ensemble-averaged MSD of individual cells in the spheroid displayed a power-law 
behavior,MSD ~ t , with an exponent  1.4 ± 0.04, suggesting that, on average, individual 
cells within the spheroid moved directly and not randomly (Fig. 4-4C and Fig. 4-5A). This 
direct computation of MSD shows a quantitative difference with the MSD estimated from the 
cell density distribution in spheroid (Fig. 4-1H). I reasoned that this could be explained 
because I are not sampling based on the density distribution because it is easier to identify and 
track individual at lower cell densities (<500 µm in radius).  
Furthermore, the motility patterns of individual cells at long time lags were strongly 
dependent on the location of the cells in the spheroid (Fig. 4-4, D and E). For example, cells 
displayed significantly larger MSDs when they were distant from the center of the spheroid, 
suggesting that cells became more motile as they moved toward the edge of the spheroid (Fig. 
4-4, D and E). In addition, cells at the periphery of the spheroid were more motile and more 
directed (Fig. 4-4F), moving along a radial direction (Fig. 4-4G), than cells near or at the 
spheroid center. The same trends were found for spheroids embedded in 3D matrices for 3 
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and 7 days (Fig. 4-5A-I).  These results are consistent with our above estimation of cell 
motility based on spheroid invasion distance (Fig. 4-1C). 
For comparison, we analyzed the motility of individual cells homogeneously 
distributed inside 3D collagen matrices. As expected, individual cells well-dispersed in a 3D 
matrix moved randomly ( ~ 1.0 ± 0.02) and the MSD values were significantly smaller (Fig. 
4-4C-F).  
These results demonstrated that the spheroid cellular organization triggers directed 
and persistent invasion of the surrounding matrix which is not observed in homogeneously 
distributed single cells at low cell density. Taken together, these data show the spatio-temporal 
motility profiles of cells within tumor spheroids: cells transition from random to directed 








Figure 4-4. Cells move persistently as a function of radius inside the multicellular 
spheroid. 
A. Representative micrograph of GFP-tagged cells and overlay of phase and fluorescent images inside 
the multicellular spheroid. B. Cell trajectories as a function of time and radius of the GFP cells tracked 
inside the cluster on day 5. Insets to the right show higher magnification images of the trajectories in 
the center and the periphery of the cluster. C. Mean square displacements (MSD) ± SEM as a function 
of time for single cells and spheroids embedded for 5 days. D-E. MSD ± SEM as a function of radius 
at time lag of 14 and 126 min for single cells and spheroids embedded for 5 days 5. F. MSD ± SEM 
exponent at 56 min for single cells and for cells in spheroids grown for 5 days as a function of radius. 
H. Angle between trajectory axis and radial axis as a function of radius for cells in spheroids on day 5. 
Scale bar 500 µm and 1mm for the cells trajectories. GFP cells inside 7 different spheroids were 




Figure 4-5. Persistent movement of cells inside spheroids. 
A. Mean square displacements (MSD) ± SEM as a function of time for single cells and for cells inside 
spheroids grown for 3, 5 and 7 days. B,C. MSD ± SEM as a function of radius at time lag of 14 and 
126 min for cells inside spheroids grown for 3, 5 and 7 days and for single cells homogeneously 
embedded in gels. D. Average MSD exponent ± SEM at 56 min for single cells and cells in spheroids 
on day 3, 5, and 7 compared to the exponent for single cells. E. MSD exponent ± SEM at 56 min for 
single cells and for cells in spheroids as a function of radius for 3, 5 and 7 days. F. Angle between 
trajectory axis and radial axis ± SEM as a function of radius for spheroids on 3, 5 and 7 days. G. 
Average of the ratio between radial and tangential speeds (Sr/St) ± SEM at 3, 5, and 7 days. H,I.  Sr/St 
± SEM at times 14 and 126 min as a function of radius at days 3, 5 and 7. GFP cells inside 7 different 




4.2.4 Collagen density modulates the rate of invasion but not the invasion pattern 
To address whether the invasion of spheroids depended on the matrix, I embedded 
spheroids in collagen matrices of different densities. Tumor spheroids in both 1mg/ml and 
6mg/ml collagen matrices also invaded in a similar fashion: the exponent of invasion was  = 
0.97 ± 0.03 and 0.89 ± 0.03 for 1-mg/ml and 6-mg/ml collagen matrices, respectively (Fig. 
4-6, A-C). Spheroid invasion rate was modulated by the collagen density of the matrix: 
spheroids within a 1-mg/ml collagen matrix showed a 1.7 times longer invasion distance than 
within a 6-mg/ml collagen matrix.  Fluorescently stained cryo-sections of spheroids in 6-
mg/ml collagen matrices revealed that, even for a low invasion rate, cell distribution and the 
polarized morphological profiles were qualitatively similar to cells in spheroids in 2-mg/ml 
collagen matrices (Fig. 4-6, D-H). Together, these results indicated that collagen 
concentration regulates the rate of tumor spheroid invasion, but does not qualitatively change 







Figure 4-6. Collagen concentration modules invasion distance, but does not change 
the invasion pattern.  
A. Time-dependent mean ± SEM values of the normalized ((𝑟(𝑡) − 𝑟(0)) invasion distance of 
HT1080 spheroids at different collagen concentrations (1 mg/ml-green, 2mg/ml-red, 6mg/ml-blue) 
B. The exponent of invasion ± SEM values for the different concentrations. C. Invasion distance, Δr, 
± SEM values at day 3. D. Cell density ± SEM values for spheroids as a function of radius measured 
from mid-plane cryo-sections at 3, 5, and 7 days inside 6 mg/ml gels. E. Percentage of elongated ± 
SEM cells in the sections at 3, 5 and 7 days inside 6mg/ml gels. F. Percentage of elongated ± SEM 
cells as a function of radius for 3, 5, and 7 days inside 6mg/ml. G. Cell angle ± SEM as a function of 
radius for 3, 5 and 7 days inside 6mg/ml gels. H. Angle frequency distribution as a function of radius 
and time for 6mg/ml gels.  
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4.2.5 Cells required contractility to invade persistently through the collagen networks 
It was recently shown (Shia, 2014) that acini on top of 3D collagen matrices align 
collagen fibers to invade, suggesting that the tension generated by cells is key to reorganize the 
collagen fibers and direct the dissemination of cells in the acini. To establish an understanding 
of the role of collagen reorganization in the process of cell spheroid invasion in a 3D matrix, 
I visualized the real-time interaction between multicellular spheroids and collagen by labeling 
the collagen fibers with TAMRA (Geraldo et al., 2013). This result revealed that unlike single 
cells that generate microtracks in 3D systems (Carey et al., 2015), spheroids redistribute the 
collagen to its peripheral within the first 12 h after spheroid embedding (Fig. 4-7). 
In addition, to understand whether cell contractility and cell-ECM interaction were 
required for this invasion of single cells inside spheroids, I impaired cell contractility by treating 
the spheroids with a Rho-associated protein kinase (ROCK) inhibitor (Y-27632) and a non-
muscle myosin II inhibitor (blebbistatin). Both the invasion distance of spheroids and the 
invasion mode indicator () were significantly reduced to  = 0.73 ± 0.05 and 0.65 ± 0.16 for 
blebbistatin and Y-27632 treatments, respectively (Fig. 4-8A-C). Depletion of 1 integrin 
using shRNA significantly decreased the invasion distance, but not the invasion mode since  
= 1.10 ± 0.06. Together, these results suggested that cell-matrix and myosin-mediated cell 
contractility both regulate the invasion distance, but only cell contractility reduces the tumor 
spheroid invasion mode. 
I next studied the contractile forces exerted by the tumor spheroids within the 3D 
ECM by tracking fluorescently-labeled beads embedded in the matrices since the movement 
of beads indicate the magnitude and direction of traction forces (Roy et al., 1997; Roy et al., 
1999; Tamariz and Grinnell, 2002). Within 15 h after spheroids were embedded in 3D matrix, 
the beads near the spheroid periphery collectively moved toward the spheroid (Fig. 4-8D). 
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On average, the displacement of beads for spheroids in the DMSO control group was 78 µm 
in 15 h (Fig. 4-8E). However, when spheroids were treated with Y-27632 or blebbistatin, 
beads still moved towards the center of the spheroid, but with a significantly reduced 
displacement of 10 µm in 15 h.  
Collective contractility of the matrix by spheroids also requires cell-matrix interactions. 
Spheroids containing 1-integrin-depleted cells showed significantly reduced collective 
contractility: the magnitude of bead displacements decreased to 22 µm in 15 h (Fig. 4-8E). 
Interestingly, this contractility by the spheroids decayed with time. After 3 days in 3D collagen 
matrices, collective traction forces by multicellular spheroids in DMSO control group was 
reduced 8 fold and plateaued at 10 µm.  
Together, my results showed the dynamic behavior of spheroids inside 3D ECMs and 
suggest that cellular contractility in spheroid induced collective traction forces, ultimately 




Figure 4-7. Collagen arrangements by tumor spheroids prior to invasion. 
Typical micrographs at low magnification (10x) showing the evolution of collagen fibers 







Figure 4-8. Cells required contractility to persistently invade inside 3D collagen gels. 
A. Time-dependent mean ± SEM values of the normalized ((𝑟(𝑡) − 𝑟(0)) invasion distance of 
HT1080 spheroids at 2mg/ml with 25 µM blebbistatin, 10 µM Y-27632 and β1-integrin knock-down 
(KD) and the respective DMSO control. B. The exponent of invasion ± SEM values for the different 
conditions. C. Invasion distance, Δr, ± SEM values at day 3. D. Typical micrographs showing the 
collagen probed with fluorescently labeled beads and their displacement as the cells start to invade into 
the collagen matrix. E. Average displacement ± SEM values as a function of time for the different 





4.3 Discussion  
Tumor spheroids embedded inside hydrogels are some of the most sophisticated in 
vitro models currently available to study cell invasion in physiologically relevant conditions 
(Kramer et al., 2013). It was previously suggested (Stein et al., 2007) that to fit with a 
mathematical model the invasive front of U87 glioblastoma tumor spheroids with reasonable 
parameters, a significant radial velocity bias was required. This type of invasion was also 
explored using a different mathematical model with an internal polarity at the cell invasion 
front (Szabo et al., 2012). Here, my experiments show that a complex spatio-temporal 
dependency of individual cells within tumors spheroids, which leads to a directed and 
persistent invasion. My results indicate that a small subset of cells within the spheroids is 
responsible for this active invasion, the cells located at the spheroid periphery.  
Cryo-sections of the tumor spheroids allowed for spatio-temporal analysis at single-
cell resolution in the middle of the spheroids and this analysis showed that there is a 
significantly higher percentage of elongated cells away from the core of the spheroid (30% vs. 
70%) and that these cells are highly aligned in the radial direction at the periphery of the 
spheroids. It has been previously shown that single cells migrating through collagen matrices 
exhibit an elongated morphology (Giri et al., 2013; Wolf et al., 2007) and that upon 1 integrin 
blocking with mAb 4B4 there is a loss in cell elongation and polarization (Wolf et al., 2007). 
In my system, I observe a transition in the morphology of the cells from round to elongated 
as a function of radius. The fact that most of the round cells are in the middle of the cluster 
could be explained by cells adopting MMP-independent ameboid migration (Sabeh et al., 2009) 
because the leading or elongated cells presumably degrade the collagen creating tracks for 
other cells to follow with less resistance.  
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Motility measurements of individual cells inside the tumor spheroids highly correlate 
with our morphological observations because cells transition to a highly persistent mode of 
motion at the periphery of the spheroids, implying that our highly persistent cells are 
elongated. This transition in the invasion mode could be explained by the local cell density 
and the local collagen density which are dynamically changing in this system. Additionally, cell 
elongation and persistent invasion at the periphery of the aggregate may be coincidental with 
reduced cell-cell contacts, availability of nutrients and/or growth factors. Because of this, I 
performed single cell experiment at low cell density and studied their movement/invasion 
inside the collagen gels. These analysis demonstrated that even at low local cell density the 
movements of single cells was very different than the cells are the periphery of the spheroids.   
Fluorescently labeled collagen movies showed that before cell invasion, cells exert 
contractile forces on the collagen fibers, most likely aligning them, as has been shown by others 
(Egeblad et al., 2010; Shia, 2014). In addition, perpendicular fiber alignment correlates with 
poor prognostic in breast carcinoma and single cells invading in 3D collagen gels have been 
shown to migrate persistently on aligned collagen (Provenzano et al., 2006). Therefore, fiber 
alignment prior invasion could be an explanation for this persistent migration/invasion of the 
cells at the periphery of the spheroids. More rigorous fiber alignment analysis need to be 
perform to systematically study this phenomenon.   
In summary, I showed that tumor spheroids exert contractile forces on the collagen 
fibers before invasion and as cells invade, they orchestrate a complex spatial-temporal 
distribution fundamentally different than cells homogeneously embedded inside 3D collagen 
gels. I demonstrated that cells go through a morphological shift as they invade, with a 
significantly higher percentage of elongated cells at the periphery of the spheroid. These 
changes in morphology are highly correlated with motility/invasion profiles of the cells and 
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their directionality; elongated cells are highly persistent. Together, I believe that this 
characterized spatio-temporal individual cell phenotype inside tumor spheroids provides a 
useful system to evaluate drugs, in particular drugs that either target the microstructure of the 








5 EFFECT OF LOCAL CELL DENSITY 
IN SPHEROID INVASION  
 
In the previous chapter, I described the complex spatio-temporal dependent cell 
behavior inside tumor spheroids invading within 3D matrices. To further characterize this 
dynamic behavior, I decided to integrate my experimental observations with an in silico model 
to study the effect of local interactions. Because there is a dynamic interaction between the 
cells and the collagen gel, I hypothesized that the local cell density and the local collagen 
density played a key role in this invasion process. Using this model, I investigated the distinct 
contributions from cell migration, cell proliferation, cell-matrix interactions and collagen 
degradation in the invasion of cancer spheroids. Again, as I mentioned before, invasion refers 
to movement of cells through 3D collagen gels.  
Note: the results of this mathematical model were product of a rigorous collaboration with Dr. Sean 
Sun’s lab and Dr. Osman Yogurtcu, one of his former graduate students, from the Mechanical Engineering 
Department. I closely worked with Osman, and over the next few pages, I will describe the results from our 
collaboration.   
5.1 Introduction 
In addition to experimental model with tumor spheroids, theoretical studies on tumor 
growth and invasion have also been the center of attention (Keller and Segel, 1970; Mcelwain 
and Pettet, 1993) for several years. Recent theoretical studies have underlined possible spatial 
phenotype switching of cancer cells between modes of migration and proliferation inside 
spheroids (Anderson et al., 2006; Gerlee and Nelander, 2012; Kansal et al., 2000; Liu et al., 
2013). Other studies have shown that hypoxic conditions do not affect the migration distance 
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of cells emanating from tumor spheroids (Khain et al., 2011). Anderson’s model of tumor 
invasion based on a set of partial differential equations (PDEs) has been very popular because 
it highlights the main phenotypic contributions to the overall tumor invasion profile at the 
macro and micro scale (Anderson et al., 2000). Simpler models that do not take into account 
the cell interaction with the ECM have also been proposed for the study of gradients—oxygen 
and nutrients—and cellular response to therapeutic treatments such as radiation, 
immunotherapy, and drugs ((Khain and Sander, 2006; Khain et al., 2005; Khain et al., 2009; 
Sander and Deisboeck, 2002; Stein et al., 2007). There is a rich body of mathematical modeling 
on tumor invasion but few are coupled with 3D experiments that account for the interaction 
of cells with the ECM. This interaction is critical because the ECM acts as a physical barrier 
for cells to invade and in cancer, dense ECM deposition and fiber alignment is correlated with 
a poor prognosis (Provenzano et al., 2008). Having a fully characterized 3D tumor invasion 
assay validated with a mathematical model would provide an excellent platform to study cancer 
cell response to therapy.  
In this chapter, we coupled experiments with mathematical modeling to characterize 
the growth and invasion dynamics of tumor spheroids within ECM components of different 
concentrations. We exploited a 3D platform to understand the crucial interactions that play a 
significant role in this dynamic growth and invasion. In particular, we took into account the 
dynamic interplay between migration and proliferation inside tumor spheroids and 
investigated distinct contributions from cell migration, and cell proliferation that take place in 
this system. We showed that through our model we are not able to recapitulate my 





5.2 Experimental results  
5.2.1 Tumor spheroids grow linearly with a rate that decreases with increasing collagen concentration 
To study the role of collagen concentration on tumor spheroid growth and invasion, 
I embedded tumor spheroids of controlled size and cell number inside 3D collagen matrices 
at 2 and 6 mg/ml collagen concentrations for long times (up to 7 days).  Phase contrast images 
were collected continuously to monitor the growth of the spheroids and measurements of the 
mean radius ± SEM as a function of time indicated that spheroids grew linearly at a rate that 
decreased significantly with increasing collagen concentration (Fig. 5-1A-D). This decrease in 
the growth rate was modulated by collagen concentration alone since the spheroids inside the 
different collagen matrices had comparable initial sizes (Fig. 5-1E). To further understand 
how collagen density modulated the growth rate of the spheroids, I decided to study the cell 
density distribution inside the spheroids.  
5.2.2 Spatio-temporal cell dispersion within tumor spheroids  
To assess the middle of the spheroid for cell density distribution with single cell 
resolution, I froze the collagen-containing the spheroids and sectioned them with a cryo-stat 
machine at 10 µm in thickness. Because I was working with an isotropic system, I examined 
the mid-plane sections as representative images of the whole spheroids (Fig. 5-2A). Close 
examination of these sections showed a cell excluded region in the center of the aggregate, I 
suspect that this cell excluded area was the area initially occupied by the tumor spheroid prior 
the invasion of cells into the collagen matrices. I called this exclusion area, inner radii. These 
sections allowed for measurements not only on cell density distributions but also on outer 
radius, inner radius, and estimation of total number of cells (Fig. 5-2B-G). As I had observed 
previously, the mean ± SEM of the outer radius of the spheroids grew linearly as a function 
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of time for the two collagen concentrations (Fig. 5-2B). Measurements on the inner radius 
showed that this inner radius was kept constant at 2 mg/ml but it grew linearly as a function 
of time for spheroids inside 6mg/ml (Fig. 5-2C). I speculate that this was due to higher 
collagen density activating cell’s MMP production resulting in higher collagen degradation. As 
expected, because spheroids inside 2mg/ml have larger radii, the total number of cells was 
consistently larger for spheroids inside 2mg/ml gels than 6mg/ml (Fig. 5-2D). Measurements 
on the cell density distribution indicated, that the cell density was higher around the geometric 
center of the aggregate and it decreased as a function of radius for both concentrations (Fig. 
5-2E-G). Together, these sections provided a versatile platform for spatio-temporal 
measurements of the dynamic growth of multicellular spheroids inside collagen matrices. We 
learned that the local cell density distribution decreased as a function of radius. This 
distribution changes dynamically for the two collagen concentrations and the total number of 
cells is always larger for cells inside 2 mg/ml gels. To further characterize this dynamic growth 
and invasion of spheroids, I decided to integrate these complex spatio-temporal dependencies 




Figure 5-1. Tumor spheroids grow linearly over time inside 3D collagen matrices 
with a rate that decreases with increasing collagen density. 
A. Schematic of spheroid embedding, growth, and invasion. B. Micrographs of the time evolution of 
tumor spheroids within 3D gels. C. Fractional increase of the radius as a function of time inside 
2mg/ml and 6mg/ml gels. D. Tumor spheroids average growth rate as a function of collagen 






Figure 5-2. Spatio-temporal cell dispersion within tumor spheroids. 
A. Micrographs of mid-plane cryostat sections (thickness, 10 µm) of spheroids grown inside collagen 
gels for 3, 5, and 7 days at 2 and 6 mg/ml examined by fluorescence microscopy (DAPI stain).  The 
boxes on the image at day 7 frame the middle region of the spheroid which is shown in the micrographs 
to the right (blue-nuclei, green-actin filaments, red-collagen fibers). Scale bars, 500 µm. B and C. Outer 
and inner radii ± SEM values as a function of time measured from the mid-plane cryostat sections at 
2 and 6 mg/ml collagen concentrations. Insets show the schematic of the measured radii. D. Total 
number of cells as a function of time obtained from the cryostat sections at 2 and 6 mg/ml collagen 
concentrations. E, F, and G. Cell density ± SEM values for 2 and 6 mg/ml collagen concentration as 
a function of radius measured from the mid-plane cryo-sections at 3, 5, and 7 days.  
  
A 
B C D 
E F G 
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5.3 Mathematical Model  
To model this invasion assay we considered a population of cells growing inside the 
background of an extracellular matrix. In this cell population, cells may divide and die 
constantly changing the cell population. Also, cells can potentially adhere to one another as 
well as to the matrix. Furthermore, cells can migrate with an average velocity that depends on 
the local cell density and the matrix properties which are dynamically altered by the cells 
through collagen degradation and remodeling. Given this system characteristic, we modeled 
the cell density per unit volume  𝜌(𝑟). This density is governed by two opposing factors: the 
random motion of cells which disperse them in space, and the attraction between cells from 
adhesions. Finally, cells are also attracted to ECM molecules. Therefore, we write a free energy 
functional in terms of 𝜌(𝑟):  
 
 






𝑎𝜌2(𝑟) − 𝑐𝜌(𝑟)𝑚(𝑟) 





where 𝑚(𝑟) is the ECM spatial density, which could potentially change as cells move 
through the collagen gel. 𝑎 is an attraction parameter between cells, 𝑏 is the ’hardcore size’ 
(compact spheroid) of cells. 𝜖 is an energy scale associated with cell random motion and 𝑐 is 
an attraction parameter between cells and ECM. For typical situations, there might be an 










where 𝛾 is a cell-cell tension parameter. This could be important for describing smooth 
transitions from high density to low density. From the energy, it is possible to compute 
quantities such as the pressure in the tumor. The pressure is given by: 
 






where 𝑉 is the tumor volume. This pressure is the mechanical pressure cells experience 





= −∇ ∙ (𝜈𝜌) + 𝑅𝜌 
Eq. (5-4) 
 
where 𝜈 is a convective velocity. R is a cell division rate minus the death rate. The 
convective velocity can be obtained from the ’chemical potential’: 
 
 𝜈 = −𝐷∇𝜇 = −𝐷∇ (
𝛿𝐹
𝛿𝜌(𝑟)
) = 𝐷𝑐∇m 
Eq. (5-5) 
 
where D is an effective diffusion constant, which is the random motion of cells in 
absence of other cells. This velocity describes the bias due to different contributions to the 
effective energy. The birth-death rate, R, could depend on density and pressure. This 
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dependence is unknown, but we can assume some simple linear dependence. Experiments are 
a way for us to discover this dependence. There might be another equation that describes the 








where 𝑑 is a digestion rate which is not known at the moment. The number of 
parameters are (𝑎, 𝑏, 𝑐, 𝜖, 𝛾, 𝐷, 𝑅). 𝐷 and 𝜖 are not independent. By performing measurements 
on cell density, it is possible to estimate these parameters. The simplest situation is to start 
with spherically symmetric case, which allows for 1-D calculations since the tumor spheroid 
is isotropic. Equations 4 and 6 are subject to the following no-flux boundary conditions: there 












where 𝜑(𝑡) is the time-dependent rate of the cell density invading into the collagen 
matrix, in other words, this is the flux boundary condition at 𝑟0. Also, there is no flow of cells 













The initial conditions for equations 4 and 6 are as follows:  
 
 
𝜌(𝑟0, 0) = 0 
𝑚(𝑟0, 𝑡) =  𝑚0 
Eq. (5-9) 
 
5.3.1 Physical meaning of variables and parameters 
• 𝜌(𝑟), number density of cells per unit volume, with units  𝐿−3 
• 𝑚(𝑟), the ECM spatial density. 
• 𝑎, attraction parameter between cells, with units 𝑘𝜏𝐿3. We call this cell-system 
viscosity.  
• 𝜖, energy scale associated with cell random motion, with units 𝑘𝜏  
• b, ’hardcore size’ of cells, with units 𝐿−3 
• R, the birth-death rate with units, 𝑡−1 
• c, attraction parameter between cells and ECM.  
• γ, cell-cell tension parameter.  
• D, effective diffusion constant, 𝐿2𝑡−1 
 
The model I just described consisted of two coupled partial differential equations, one 
to describe the behavior of the cells and the other to describe the collagen matrix degradation 
According to the experimental results, we wanted to fit outer radius, inner radius, total number 
of cells, and the cell density profiles for day 3, 5 and 7 at the 2 collagen concentrations. This 
gave us a total of 12 curves to fit considering both collagen concentrations. According to the 
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model, we needed to learn how collagen concentration modulated cell invasion and cell 
proliferation.  
5.3.2 Collagen density modulates the proliferation and migration of single cells inside 3D gels 
Because the in silico model of tumor spheroid growth and invasion depends on invasion 
and proliferation, we decided to measure those contribution by culturing individual cells, i.e. 
cells far away from one another, inside collagen gels of different collagen concentrations. For 
cell invasion measurements, we performed live cell microscopy and tracked cell movements 
as a function of time for 16h in a wide range of collagen concentrations, from 1 to 6 mg/ml. 
From the cell trajectories, mean square displacements (MSDs) were computed (Fig. 5-3B). 
Fitting the random walk model to MSDs, the diffusion constant was estimated (Fig. 5-3C). 
The MSD of individual cells decreased for increasing collagen; accordingly, the average 
diffusion constants decreased (Fig. 5-3B and C). Note: Even though our cells were 
embedded inside 3D matrices, the tracking of the cells was done at low magnification (10x) in 
the xy plane as described by (Giri et al., 2013). To measure proliferation inside the 3D collagen 
matrices, we measure the percentage of cells that divided once in 25 h as a function of collagen 
concentration (Fig. 5-3D) and from the proliferation percentage a proliferation rate was 
computed (Fig. 5-3E). The proliferation rate had a non-monotonic response to collagen 
concentration with maximal cell proliferation at collagen concentration of 2mg/ml. 
Altogether, these results show how collagen density affects both invasion/diffusion and 
proliferation of cell homogeneously embedded in 3D collagen matrices. 
Once we knew how collagen modulated cell invasion and proliferation of single cells 
inside collagen gels, we could feed these contributions to solve equations 5-4 and 5-6. Osman 
solved these equations using COMSOL modeling software ensuring an appropriate 
discretization in space (generated mesh). We chose a maximum order 5 for the time-stepping 
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algorithm backward difference function and the relative error tolerance of the solver was set 
to 10-3. We (Osman and I) optimized the fits using the simulated annealing supplemented with 
conjugate gradient and the cost function was the difference between experimental and 
theoretical profiles squared. We performed an indirect sensitivity analysis by setting each 
parameter to zero and observing the effects on the cell density profiles.   
After multiple fitting trials, we figured out that we had to modify our current governing 
equation to be able to fit the outer radius. We gave fitting importance to the outer radius 
because it was our indicator of invasion; therefore, the most important variable to fit. Our 





= ∇ ∙ ((1 + 𝛫)𝐷∇𝜌 − 𝜈𝜌) + (1 + Г)𝑅 
Eq. (5-10) 
 





Figure 5-3. Single cell migration and proliferation inside collagen gels. 
A. Schematic of single cells embedded inside 3D collagen matrices. B. Mean squared displacement 
(MSD) ± SEM values of migrating cells as function of time. C. Diffusion constant ± SEM values 
calculated from the slopes of the time-dependent MSD (A) as a function of collagen concentration. 
The MSD of at least 78 cells was measured per collagen concentration. D. Percentage of cells that 
divided once in 25h as a function of collagen concentration. E. Proliferation rate ± SEM values 
calculated from percentage of division as a function of collagen concentration. Because HT1080 cells 
grown in suspension do not proliferate, we set the proliferation of cells without collagen to zero.  
Proliferation measurements of at least 200 cells per condition were performed. For all data, at least 




5.3.3 Parameter optimization 
In the following pagers, I will show the best experimental fits that we got with this 
model along with a parameter exploration. 
 
Table 5-1. Experimental data. 
Experimental data  Value Units 
𝜌(𝑟), cell density  - µm-3 
𝑚(𝑟), ECM density - mg/ml 
𝑅(𝑚), proliferation rate - 1/min 
𝐷(𝑚), diffusion coefficient  - µm2 /min 
𝑟0, Initial cell cluster radius  175 µm 
rw, cuvette radius  3000 µm 
N0, initial number of cells  7000 - 
 
Table 5-2. Parameter values. 
Best fitted parameter  Values Units 
c, cell-ECM attraction  348 ml/mg 
d, ECM degradation rate 0.0019 µm3 ml/mg/min 
K, diffusivity booster 5.116 - 
Γ, proliferation booster 0.501 - 
 


































Figure 5-9. Model fits when both, diffusion and proliferation booster are 0. 𝐊 = 𝚪=0 




5.4 Interpretations of the role of each parameter in the model fits.  
5.4.1 d=0 (degradation parameter) 
• It over estimates the outer radius  
• It under estimates the inner radius 
• Over estimates total number of cells 
• The biggest effect is in the inner radius, we are not able to fit the inner radius  
 
There is an inherent degradation in the way we measure motility and proliferation in 
single cells and this could be the reason why this parameter is not that important in the grand 
scheme of the model fits.  
 
5.4.2 c=0 (cell-ECM attraction parameter) 
• This parameter affects the inner radius. It is important for the inner radius to push 
cells out of that hole into the ECM 
• The peaks for the cells density profiles look better without this 
• Outer radius and total number of cells are not affected 
 
C parameter is cell-ECM attraction which is important for cells to maximize their 
interaction with the surrounding collagen fibers in the milieu. It’s the bias of cell to go towards 




5.4.3 K=0 (multiplicative factor for diffusion) 
• This parameter is important to capture the outer radius 
• We need it to spread the peaks of the cell densities, otherwise the peaks would all be 
high and the cells not sparse 
 
5.4.4 𝛤=0 (multiplicative factor for proliferation) 
• Important for total number of cells  
• Important for the peaks of the density profiles  
• Underestimates the outer radius  
• Significant underestimation of the cell number 
• Underestimate the peak of the cell density profiles 
This booster parameter causes a lot differences. This could be due to the fact that the 
equation for proliferation are exponential while that for migration is linear. 
 
5.4.5 K=0 and 𝛤=0 
• It underestimates the radius  
• It underestimates the total number of cells 






For this model to give us reasonable fits on the experimental data, we had to add a 
proliferation and a diffusion booster. We are able to explain the outer radius by multiplying 
the diffusion constant by 5, which meant that we were underestimating the diffusion constant 
by 500%. On the other hand, when the degradation parameter was turn to zero the outer 
radius was not affected. In theory, cells should not be able to move if they are not able to 
degrade the collagen because the pore size of the fibers is smaller than the size of a cell. We 
think that this comes from the fact that we are capturing a lot of the cell degradation through 
single cell measurements. Single cells are moving and dividing in collagen gels already when 
we perform invasion/diffusion and proliferation measurements. To set d=0, we need to use a 
different diffusion coefficient. Possibly, the diffusion coefficient that comes from single cells 
under the influence of MMP inhibitor, marimastat, which is a way to turn cell degradation off 
experimentally.  Furthermore, cell-ECM interaction does not affect the outer radius either. 
After obtaining these results, we decided to go back to a really simplified model where we 
were only taking into account the measured proliferation and migration at one particular 
concentration. We could then add a biased diffusion term to see how well experimental results 
were predicted. In the following chapter, I will show you the results that we obtained from 




6 SIMPLIFIED MATHEMATICAL MODEL   
 
In this section, I will describe a simplified model that we developed and tested after 
the model described in the previous chapter to characterize the dynamic interaction between 
the cells and the collagen gels. Note: As mentioned before, I am responsible for the all of the 
experimental results and Osman carried out the fitting with the mathematical model. We will 
show that through this model we are able to fit experimental profiles but we are not able to 
explain the reason cells move with increased directionality as a function of space when 
considering the local cell and collagen density alone.   
 
6.1 Experimental results  
6.1.1 Tumor spheroids are highly invasive inside 3D matrices 
I previously showed that tumor spheroids invasion in 3D matrices is bias in the radial 
direction regardless of collagen density (Fig. 4-7A-C) and that analysis of mid-plane cryo-
sections of spheroids showed a non-uniform distribution of cells with a higher cell density at 
the geometric center which decreases along the radial axis ( Fig. 4-2C). I further showed that 
cells at the periphery of the tumor spheroid had a persistent motion in the radial direction, 
where the local cell density was the lowest (Fig. 4-6E, F, H, and I). A live cell movie of the 
initial steps of the spheroids spreading inside collagen gels showed that as the cells prime 
themselves to invade they remodel and arrange the collagen fibers (Fig. 4-9). To gain 
understanding of how all these spatio-temporal dependent events—the local collagen density, 
the local cell density, and the proliferation of the cells—were dynamically contributing to this 





6.2 Mathematical Model  
Using our previous model of two partial differential equations we discovered that c and 
d were not important in fitting out experimental data, therefore, we decided to test simplified 
model with one partial differential equation. Given the system characteristic, we modeled the 
cell density per unit volume  𝜌(𝑟). Because we are interested in the invasion profile of the cells 
into the matrix, we only modeled the dynamics of cells inside the 3D collagen gels, we assumed 
that the local collagen density was the same throughout the experiments and our initial 
condition started on day 3 as opposed to day 0 in the previous model.  
Assuming spherical symmetry, we denoted the density of cells interacting with the 
extracellular matrix (ECM) as 𝜌(𝑟) = 𝜌(𝑟, 𝜃, 𝜑) where (𝑟, 𝜃, 𝜑) are the 3 orthonormal 
vectors: radial, tangential, and azimuthal. Because we do not have any tangential and azimuthal 
coordinate information on cell densities from experiments we assumed spherical symmetry. 
This density interaction with the extracellular matrix is governed by two factors; the first, is 
the random motions of cells which disperse them in space and this is modelled with simple 
diffusion. The second, is the convective velocity due to the local density (cell and collagen 
density lumped together) and possibly to the gradient of nutrients and O2. The governing 











where 𝒗 is the convective velocity, 𝐷𝑚 is the collagen density-dependent diffusion 
coefficient, 𝑅 is the cell division rate and 𝜌𝐶  is local cell density carrying capacity beyond which 
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the cell density growth rate was negative. In other words, this equation tells us that, beyond a 
critical cell density, the number of cells are so high that they compete for the nutrients, and 
they produce excessive amount of waste so that cells start to die. This term helps us to limit 
the total number of cells and that cell population can never go to infinity (which would be 












where 𝑟0 and 𝑟𝑤 denote the minimum (𝑟0 =0) and maximum size (𝑟𝑤=size of 
cuvette=4mm) of the collagen matrix in the radial direction measured with respect to the 
origin of the cell spheroid. The initial conditions for 𝜌 were obtained by curve fitting—using 
Eureqa software which gives the best fitting curve with minimum number of parameters—










 𝜌6(𝑟, 0) =
3076




Experimental findings indicate that the radial velocity goes to zero when the local cell 
density is high (Fig. 6-1). Therefore, for the convective velocity we chose a function that 










where 𝜌𝑣 is the velocity switching cell density. This choice of radial velocity function 
acted against the random diffusive radial velocity for cell densities higher than 𝜌𝑣 and brought 
the total radial velocity to zero (Fig. 6-1). For lower cell densities, this function acted as a 
velocity booster presumably accounting for the biased radial movement of the cells towards 
the nutrients source. This nutrient diffusion could be tested theoretically but the problem lies 
in the fact that nutrients are small molecules that get diffused very fast; eventually, resulting in 
a constant density of nutrients inside the collagenous sphere. Without a gradient in the 
nutrients they will not be an effect on cell motility unless we included a term where cells were 









Figure 6-1. Radial velocity as a function of the local cell density. 
Correlation plot of the motility data of individual cells inside the tumor spheroids and the local cell 





Because we knew how collagen modulated cell migration and proliferation of single 
cells inside collagen gels, we again fed these contribution into Eq. 6.1. We solved this equation 
using COMSOL ensuring an appropriate discretization in space (generated mesh). We chose 
the backward difference function with maximum order 5 for the time-stepping algorithm. We 
set the relative error tolerance of the solver to 10-3. We optimized the fits in Fig. 6-2 using the 
simulated annealing supplemented with conjugate gradient and the cost function was the 





Figure 6-2. Model best fits.  
Solid gray lines are the best of using parameters: 
𝝆𝒄
𝟐 =0.00069725 𝝁𝒎−𝟑, 𝝆𝒄
𝟔 = 𝟎. 𝟎𝟎𝟎𝟒𝟏𝟔𝟓 𝝁𝒎−𝟑, 𝝆𝒗
𝟐 =6.2468 10-5 𝝁𝒎−𝟑, 𝝆𝒗
𝟔 =
𝟑. 𝟖𝟒𝟏𝟕 10-6 𝝁𝒎−𝟑, 𝜶𝟐 = 𝟎. 𝟎𝟏𝟎𝟔𝟐𝟓𝝁𝒎/𝒎𝒊𝒏,  𝛂𝟔 = 𝟎. 𝟎𝟎𝟎𝟖𝟒𝟏𝝁𝒎/𝒎𝒊𝒏 
 
 
Collagen concentration 2mg/ml 
Collagen concentration 6mg/ml 
Cell density (#/µm3) 
Cell density (#/µm3) 
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Fits of the model on the experimental data show that the model is able to fit the 
experimental invasion of the tumor spheroid inside 2mg/ml but is not able to fit the invasion 
profiles for spheroids invading inside 6mg/ml (Fig. 6-2). This may be due to the fact that we 
are only measuring cell motility and cell proliferation up to 6mg/ml because this is highest 
collagen concentration that we test using the rat tail collagen. It is possible that invasion 
dynamics change at higher concentrations. Also, the diffusion of nutrients and O2 could be 
different in different collagen concentrations and this is something that we need to investigate 
further.  
Because we had reasonable fits for spheroids invading inside 2mg/ml we hypothesize 
that we could validate the model by performing experiments to inhibit collagen degradation. 
It is well known that migration rates are governed by the ability of cells to degrade the 
extracellular matrix by proteolytic enzymes, in particular matrix metalloproteinases (MMPs) 
((Sabeh et al., 2009; Wolf et al., 2007). Therefore, we performed experiments to study the 
effects of MMPs on cell invasion and cell proliferation.  
6.2.1 MMP inhibitors significantly decreases single cell diffusion but not single cell proliferation 
To test if our model could predict the spheroid invasion under the influence of MMP 
inhibitors using the already optimized parameters at 2mg/ml gels, we first performed 
experiments to see how MMP inhibitor—marimastat—affected single cell behavior inside 3D 
collagen matrices. Single cell measurements indicated that marimastat significantly reduced the 
migration and slightly decreased the proliferation of single cells embedded in 3D 2mg/ml gels 




Figure 6-3. MMP inhibitor significantly decrease the effective diffusion coefficient of 
single cells invading inside 3D matrices. 
A. Mean squared displacement (MSD) ± SEM values of invading cells as function of time with DMSO 
control-black and with 20 µM of marimastat-green. B. Diffusion constant ± SEM values estimated 
from the slopes of a linear regression of the time-dependent MSD (A) for the two conditions. C. 
Percentage of cells that divided once in 25h with DMSO control-black and with 20 µM of marimastat-
green . D. Proliferation rate ± SEM values calculated from percentage of division for the two 






6.2.2 MMP inhibitor significantly decreased tumor spheroid invasion inside 3D collagen matrices 
We also performed experiments to see how MMP inhibitors would affect tumor 
spheroids invasion. We tested the importance of MMP inhibitors at the onset and maintenance 
of the multicellular spheroids by adding marimastat either right after the spheroid had been 
embedded in the collagen gel or three days after the spheroids had been grown inside the 
collagen gels, in both instances; marimastat significantly reduced the rate of change in the 











































Figure 6-4. MMP inhibitor significantly decreases multicellular spheroid growth 
A. Typical micrographs showing the evolution of human fibrosarcoma HT1080 spheroids within 
collagen matrices at 2 mg/ml with fresh media-red and with 20 µM of marimastat-green. Scale bar, 
1000 µm. B. Time-dependent mean ± SEM values of the net increase in radius of HT1080 spheroids 
as function of time for the different conditions C. Growth rate of the net increase in the radius of the 
spheroids obtained from linear fits of data in panel B. D. Time-dependent mean ± SEM values of the 
net increase in radius of HT1080 spheroids as function of time, 20 µM of marimastat was added after 
the spheroids had been grown for three days. E. Growth rate of the net increase in the radius of the 
spheroids obtained from linear fits after the third day of data in panel d. For panel c and e, significance 
stars (***P < 0.001) indicate the difference in growth rate among the different conditions. One-way 








Now that we knew how MMP was affecting single cell behavior as well as the invasion 
of the tumors spheroids, we fed the single cell diffusion and proliferation under the influence 
of MMP and solve Eq. 6-1 with the already optimized values to see if the model output could 
recapitulate the experimental data of the spheroid invasion under MMP influence.  
Figure 6-5 shows the fits from the model using single data under the influence of 20 
µM of marimastat starting on day 3 compared to experimental results. The fits from the model 
were one order of magnitude lower than experimental results, if you compare the rates from 
the net increase in the radius, and we are currently investigating the discrepancy of the model 
from experimental results. One possible explanation is that the effects of marimastat change 
as a function of collagen concentration and experiments on single cells at the different 







Figure 6-5. Model predictions from marimastat single cell data. 
A. Fits of the model on cell density profiles using single cells under the influence of 20 µM MMP 
inhibitor, marimastat. B. Radius measured from marimatat cell density profiles in A. C. Rate of growth 
of the radius on B. D. Time-dependent mean ± SEM values of the net increase in radius of HT1080 
spheroids as function of time, 20 µM of marimastat was added after the spheroids had been grown for 
three days. E. Growth rate of the net increase in the radius of the spheroids obtained from linear fits 
after the third day of data in panel D. For panels C and E, significance stars (***P < 0.001) indicate 
the difference in growth rate among the different conditions. One-way ANOVA analysis with a Tukey 








In this work we studied if we could enhance our understanding of the dynamic 
invasion from tumor spheroids using a mathematical model. We used single cell measurements 
to understand the distinct contributions from cell migration and cell proliferation as a function 
of collagen concentration as a proxy of what goes on inside the tumor spheroids. Our results 
suggest that studies on the local cell density and the local collagen concentration along with 
measurement on single cell embedded inside collagen gels were not enough to predict the 
spatial dependency of the single cell persistence that we observed experimentally inside the 
spheroids. Future studies will investigate if the nutrients and O2 gradients are the factors 
driving the observed persistence inside of the tumor spheroids as well as the role of the initial 















7 CONCLUSIONS AND FUTURE WORK 
 
7.1 Review of findings  
In this project, I explored the invasion profile of cancer cell spheroids with a 3D in 
vitro model system – the spheroid gel invasion assay (Kramer et al., 2013). I was the first one 
in the Wirtz lab to work with this particular model and the first one to characterize the spatio-
temporal invasion profiles of HT1080 spheroids inside collagen gels with single cell resolution. 
This analysis may play as essential part in cancer therapeutics in the future, by providing a 
more physiologically relevant platform, when compared to both multicellular spheroids 
lacking interaction with ECM and 2-D monolayers for drug discovery and testing. In addition, 
animal studies, tend to be expensive and sometimes lack clean experimental read-outs. Using 
physiologically relevant 3D in vitro models in combination with animal models could improve 
clinical compatibility for both safety and efficacy. Clinically monitoring metastasis is a 
challenging task and a good alternative to study some of the key events of this process are 
sophisticated 3D in vitro systems and animal models. Regardless of these 3D systems being 
labor-intensive and insufficiently developed for high-throughput drug screening, they are 
worth the additional time and effort.  
In Chapter 1, I summarized the biology of cancer, described the current view of the 
metastatic cascade, and the tumor microenvironment and proposed the study of cancer cell 
invasion using a 3D in vitro spheroid invasion assay. In chapter 2, I listed all the methods I 
used to characterize this 3D invasion model. In Chapter 3, I explained how I circumvented 
the technical challenges related with this system. Mainly, the techniques I used to ensure a truly 
3D environment for the spheroids to grow inside collagen gels as well as the cryo-sectioning 
of gels to elucidate the cellular distributions and orientations inside the spheroids. In addition, 
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I illustrated the importance of having a define morphology to get reliable and reproducible 
data in both, the overall invasion patterns, and the cellular dispersion within the gels.  
Chapter 4 described the complex spatio-temporal invasion profiles with a highly 
persistent cell invasion at the periphery of the cell aggregate. In addition, I demonstrated that 
cellular morphology and motility are more dynamic at the spheroids edge relative to the cells 
at the center. I also explored the role of collagen concentration in this persistent invasion 
process and showed that collagen density modulated the invasion distance but not the mode 
of invasion. Moreover, the cells required contractility for this highly invasive process. Taken 
together, my results suggest that the invasion profile of tumor spheroids are spatio-temporally 
orchestrated, and leads to a highly organized persistent invasion profile. 
In chapter 5, I described a mathematical model which integrates different cell 
phenotypes—cell diffusion/invasion and cell proliferation—to gain a dynamic understanding 
of this invasion process. For example, I can investigate the distinct contributions from cell 
migration, proliferation, cell-matrix interactions, and matrix remodeling to the spheroid 
invasion dynamics. In addition, the in silico model could help in the understanding of events 
that may be happening dynamically but that I cannot directly measured or studed 
experimentally. Because this model was insufficient to recapitulate my experimental 
observations, I explored a simplified version of this model in chapter 6. This new model, 
recapitulated some experimental events, however, Osman and I were not able to sensibly 
explain why cells that have the same local cell density and the same local collagen density have 
completely different phenotypes when comparing the cells at the periphery of the cluster and 
homogeneously distributed cells in collagen gels. Despite the fact that our models did not fully 
recapitulate experimental observations, we learned that measurements from single cells 
homogeneously distributed in collagen gels are insufficient to explain the collective invasion 
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pattern observed from spheroids. Because the collagen enrichment at the periphery of the 
spheroid observed from the collagen labeling pictures seems to play a key role in this persistent 
invasion; we are currently working on a different in silico model to take into account the initial 
collagen deformation that may be going on in this system.  
I note that all of the work described in this thesis was performed using immortalized 
cell lines and even though these cells lines are well-characterized and are the standard for most 
of the basic research currently being performed, more relevant read outs may be obtained by 
using patient derived cell or tissue samples. Thus, in addition to the future work described 
below and now that the spatial-temporal invasion profile of this invasion assay have been 
described, I believe it is worthwhile to start working with primary cell lines, patient derived 
cells and tissue samples. 
 
7.2 Future directions 
The characterization of this 3D invasion system at the cell level inside the tumor 
spheroids supports a variety of future applications.  
7.2.1 Role of hypoxia in this invasion system   
The role of hypoxia in metastasis and the way that it affects the ECM has recently 
been highlighted in (Gilkes et al., 2014) and it should be studied in this system. Hypoxia 
triggers immunologic signaling (Eltzchig and Carmeliet, 2011), stem cell migration (Lee et al., 
2009), and collagen deposition, remodeling and degradation likely promoting in this way 
cancer cell invasion (Eisinger-Mathason et al., 2013; Erler et al., 2006; Gilkes et al., 2013; 
Kalluri and Zeisberg, 2006; Mao et al., 2013). It has been described that hypoxic gradients 
within a tumor are felt when the intercapillary distances are greater than the diffusion distance 
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of oxygen ~200 µm (Sorg et al., 2008) which is well below the invasion distances which I have 
characterized in this system. I am currently working with avascular tumor spheroids and I 
presume that I may have a hypoxic gradient in my system. It would be beneficial to study how 
and if hypoxia is regulating this active invasion profiles in the spheroids. Besides characterizing 
the hypoxic regions in the tumor spheroids, it would be advantageous to study how tumor 
spheroids grow in hypoxic conditions within the different collagen concentrations. Having a 
molecular and physical understanding of how hypoxia modulates invasion in this system would 
be beneficial to study the mechanism of action of drugs that are being clinically tested such as 
digoxin (ClinicalTrials.gov, number: NCT01162135) and topotecan (ClinicalTrials.gov, 
number: NCT00182676) , which are HIF1α inhibitors, the hypoxia inducible factor. Using 
drugs in this system would allow for the spatio-temporal study of how drugs are affecting 
cancer cell invasion and figure out the mechanisms that make them effective. In addition to 
this, it would be interesting to grow cancer cell with endothelial cells to test if endothelial cells 
are capable of forming vessels in order to supply the nutrients needed in the middle of the 
spheroid. This could help us figure out the molecular and physical mechanisms cells used to 
create these vessels.  
7.2.2 Use cell polarity drugs 
In this model, I have shown that cells orchestrate a complex spatio-temporally 
persistent invasive profile inside collagen matrices; at the periphery cells are polarized in the 
radial direction. CRT0066854, is a therapeutic drug that targets cell polarity which has been 
tested in some in vitro models (Linch et al., 2013; Svend et al., 2013), it would be interesting to 
test this drug in this system to know if inhibiting cell phenotype as oppose to targeting the 
collagen structure is enough to change or abrogate this persistent invasion.  
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7.2.3 Add immune cells in the collagen gel to see how that changes  
The role of immune cells in tumor progression is currently very controversial because 
some mouse models do not accurately represent the human physiology. On the other hand, it 
is not possible to get a dynamic understanding from fixed tissue samples on how immune cells 
may be promoting or preventing tumor progression (Man et al., 2013). Studying some of the 
contributions from immune cells in 3D in vitro system could provide the dynamic resolution 





APPENDIX A: P53 ACTIVATION THROUGH 
MECHANICAL STIMULUS 
 
P53 is the gene most frequently altered in human cancers (Duffy et al., 2014). In a 
normal cell, p53 is inactivated by its negative regulator, MDM2. P53 is a tumor suppressor 
gene that monitors genomic stability and prevents malignant transformation.  There are several 
biological stresses that could activate p53 (Fig. A 1) by dissociating the p53 and MDM2 
complex. Once activated, this gene could induce cell cycle arrest, cellular senescence, or 
apoptotic pathways (Fig. A 1) (Brooks and Gu, 2010). In this research project, I decided to 
investigate if mechanical stresses could activate p53 and if this was the case, what were the 
downstream proteins activated.  With this in mind, I hypothesized that subjecting mammary 
epithelial cells to shear stress could activate p53.  
Introduction  
Studies have demonstrated that different cells types, including endothelial cells 
(Davies, 1995; Tzima et al., 2005), lymphocytes (Berlin et al., 1995; Campbell et al., 1998), and 
fibroblasts (Lee et al., 2005) are able to respond to external forces and mechanical forces 
induced by flow play a critical role in several body functions. For instance, hemodynamic and 
interstitial flows correspond to different shear stresses, ranging between 1 to 6 dyn/cm2 (0.1–
0.6 Pa) for veins, 10 to 70 dyn/cm2 (1–7 Pa) for arteries (Malek et al., 1999), and much lower 
shear stresses of <1 dyn/cm2 in the connective tissues (Shi et al., 2009). These shear stresses 
can induce changes in the gene expression of endothelial cells (Cunningham and Gotlieb, 
2005) and modulate the transport of immune cells during inflammation and cancer metastasis 








Figure A 1. Simplified scheme of the p53 pathway 




In this work, I investigate how shear stresses modulate the activation of p53 in 
epithelial cells. At the shear stresses tested, p53 was not activated but the RNA level of p21 
was increased. 
 
Materials and Methods 
Table A 1. Medium recipe for MCF-10A cells 
  
Care and passage of MFC-10A cells in monolayer culture  
Non-tumorigenic human breast epithelial cells (MCF-10A) were obtained from the 
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growth medium (Table 1) and maintained at 37°C in a humidified, 5% CO2 environment. Cells 
were passaged every 2–3 days for a maximum of 10 passages. 
Fisher Scientific glass slides (75 x 38 x 1 mm) were rinsed with ethanol and PBS 
(Gibco). Slides were coated with 50 µg/ml rat tail collagen type I (BD Biosciences) solution in 
0.02N acetic acid for 1 hour. I used a saturated concentration such that the amount of 
adsorbed collagen on the slide surface became independent of the bulk collagen solution. Cells 
were seeded on the collagen coated glass slides in growth medium (table 1) for the different 
experiments. Positive control cells were treated with 25mM of 5-FU and incubated overnight 
the night before experiments were conducted. Cells - positive and negative controls - were 
then fixed or subjected to fluid shear stress.  
Shear flow assay 
I placed a parallel-plate flow chamber (GlycoTech) on the cell-seeded glass slides. The 
flow chamber had a gasket of 0.127-mm in thickness with flow width of 2.5 mm. To calculate 
the wall shear stress produced by the flow, τw(dyn/cm
2), I used the Navier-Stokes equation 
between parallel plates and assume that the growth media was a Newtonian fluid: 




Eq. (A 1) 
 
where μ (in Poise) is the apparent viscosity of the flow medium at 37°C, Q is the 
volumetric flow rate (in ml/sec), 𝑎 is the gasket thickness (in cm), and b is the gasket width 
(in cm). The growth medium was supplemented with 25 mM HEPES (Gibco) to act as a 
buffering agent. A water bath was used to keep the flow medium at 37°C and the lines of the 
flow apparatus were primed with heated flow medium before shear experiments. 
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Real-time reverse transcription-Quantitative PCR 
I performed RNA extraction and cDNA synthesis as previously published (Zhang et 
al., 2012). I calculated the fold change in expression of each target mRNA relative to the 
negative control based on the threshold cycle (𝐶𝑡) as 2
−∆(∆𝐶𝑡), where ∆𝐶𝑡 = 𝐶𝑡(target) – 
𝐶𝑡(negative control) and ∆(∆𝐶𝑡)= ∆𝐶𝑡 (target) – ∆𝐶𝑡 (negative control). 
Drug treatments 
Pyrimidine analog 5-FU (Sigma-Aldrich) used in the treatment of cancer was dissolved 
in dimethyl sulfoxide (DMSO) and then added to the positive control cells for a final drug 
concentration of 25 mM. Cells were incubated with drug media overnight before fixation 
(positive control experiments). Negative control or shear experiments were performed with 
drug-free medium containing DMSO at the same concentration as in the drug medium to 
assure that DMSO was not affecting the p53 expression.  
Immunofluorescence microscopy 
Right after control and shear experiments, cells were fixed in methanol for 10 minutes 
and subsequently blocked with 10% goat serum in PBS for 1 hour. Primary antibody (FL-393) 
against p53 was added at 1:100 dilution and incubated overnight. After 3 washes with PBS the 
Goat anti-rabbit secondary antibody at 1:250 dilution was added and cells were incubated for 
1 h. ProLong® Gold antifade reagent with DAPI (Invitrogen) was used to visualize the 
nucleus. Fluorescent images were collected using either a Cascade 1 K CCD camera (Roper 






p53 activation by shear flow 
To assess whether mechanical stimulation would activate p53, I used normal breast 
epithelial cells (MCF-10A). For a positive control on p53, I treated one of the cell dishes with 
25mM of 5-FU overnight. 5-FU is a widely used drug to treat cancer and is known to activate 
p53. MCF-10A cells were sheared for either 15 min or 60 min at 9.4 dyn/cm2 and were either 
fixed immediately after shearing or incubated for 1.5 h or 3 h to see if there was any response 
(Fig. A 2D and E). Quantitative fluorescence microscopy (Fig. A 2A and C) revealed a 
significant difference between my positive (5-FU treatment) and negative control (no 
treatment) but not a significant difference between the sheared cells and the negative control 
was apparent, suggesting that p53 was not directly activated during the shearing experiments 
at the condition tested. (Fig. A 2D and E). Similar results were obtained when I decreased or 
increased the shear rate (Fig. A 2F), there was not a significant difference between the sheared 
cells and the negative control unsheared cells. Since p53 is a transcription factor and it regulates 
target genes—p21/WAF1/CIP1, GADD45, Bax, and MDM2—of the cell cycle, I decided to 
check the mRNA levels of some of the downstream genes to check if this levels had been 
altered.  Here, I show that p53 was not activated in response to the shear stresses tested for 
the different time durations but I observed a 21 fold increased in the RNA level of p21, which 
is one of the proteins associated with the growth arrest, in response to shear stress when 








Figure A 2. Shear stress does not activate p53 at the conditions tested. 
 A. Conventional epifluorescence micrographs of p53 for wild type MCF-10A cells either subjected to 
25mM of 5-FU (positive control) or without any treatment (negative control). B. Schematic of an 
adherent cell subjected to flow of controlled shear stress for a controlled duration. Status of p53 
activation is examined by fluorescence microscopy. C. Epifluorescence micrographs of cells that were 
subjected to 15 or 60 min of shear stress (9.4 dyn/cm2).  D & E. Percentage of cells with activate p53 
in the positive and negative controls compared to the cells subjected to shear stress for 15 or 60 min, 
cells were allowed to recover for 90 or 180 min. F. Percentage of cells with active p53 for positive and 
negative control compared to cells that were subjected to various shear stresses (1.9, 9.4, 18.9 dyn/cm2). 
Significance stars indicate differences among bars using a one-way ANOVA test. On the graphs, **** 
and ns indicate p value <0.0001 and >0.05, respectively. α = 0.05 was used for all significance tests. 























































































































































































APPENDIX B: ROLE OF COLLAGEN DENSITY 
IN THE GROWTH OF PATIENT-DERIVED 
PANCREATIC CANCER CELLS 
 
Pancreatic ductal adenocarcinoma (PDAC) is one of the most devastating human 
cancers, characterized by early systemic dissemination and with a poor prognosis (Maitra and 
Hruban, 2008); (Goggins, 2007). To study the role collagen concentration to promote 
metastasis in IRB approved patient derived cell lines that we received from Hopkins hospital, 
I embedded single cells inside 3D collagen gels and monitor their growth with live phase 
microscopy. Because changes in the microstructure of the collagen—poor size, fiber 
alignment, ligand presentation—should correlate with cell phenotypic behaviors, I 
hypothesized that changes in the collagen density could promote changes in the growth of 
pancreatic cells inside 3D collagen gels.  


















Figure B 1. Morphologic changes of the evolution of single cells inside 3D collagen 
















Collagen density drastically changes the morphology of PDAC growing inside collagen 
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